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ABSTRACT
The ceramic phase hollandite is a component material for some multi-phase
ceramic waste forms and has been a prominent ceramic waste form for the
immobilization of cesium and strontium radionuclides. The immobilization of cesium is
difficult due to its large size and water solubility. This dissertation is focused on
understanding the fundamental structure of hollandite and the effect cesium doping has
on the properties of hollandite in order to develop a more effective and efficient waste
form for cesium immobilization. The topics cover the structure and stability,
thermodynamic properties and phase formation, irradiation resistance, and leaching
resistance of hollandite. A brief history, the current status, and advantages and
shortcomings of hollandite as a waste form are given in the introduction and background
chapter.
In chapter 2, the effect of elemental doping on the hollandite structure, symmetry,
and stability are described, and methods to improve these properties are presented.
Different B-site dopants were tested to probe the monoclinic/tetragonal symmetry
boundary of hollandite. Additionally, cesium doping into barium-zinc-titanium hollandite
was performed to develop a better understanding of how divalent cations affect the
stability of hollandite and how cesium doping and occupancy can be controlled to
increase the stability of hollandite.
In chapter 3, the thermal properties were studied and calorimetry was performed.
The melting, thermal stability, and cesium loss behaviors were measured and found to be
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dependent on the cesium content. Calorimetry data was collected for a series of
cesium-doped hollandite. The drop solution enthalpy was measured and the formation
enthalpy was calculated. Zinc hollandite formation was more favorable and energetic
stability increased as the cesium content increased.
In chapter 4, the radiation stability of hollandite was measured over a full range of
cesium doping. The onset of amorphization did not vary with cesium content; however,
the dose required for full amorphization doubled with full cesium substitution.
Amorphization was also measured at an elevated temperature, and the critical
amorphization temperature of hollandite was measured between 200 °C and 300 °C. A
defect mechanism was proposed, and the amorphization model for hollandite was
determined.
In chapter 5, elemental leaching dependence on cesium content was studied. The
amorphization mechanism and effect of irradiation on leaching rate were discussed. The
leaching rate decreased with increasing cesium content. Leaching experiments were also
performed on irradiation samples. Cesium leaching was found to increase after irradiation
with the high cesium content intermediate compositions exhibited the lowest cesium
losses.
In summary, the stability of zinc hollandite was measured and found to be
primarily dependent on cesium content with some occupancy effect. Cesium doping
increased the stability of the tetragonal symmetry, reduced cesium loss during processing
and leaching, stabilized hollandite formation, increased radiation tolerance, and reduced
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elemental leaching. Thus, high cesium content hollandite has improved the waste form
properties.

iv

DEDICATION
This dissertation is dedicated to my wife Kelsey Grote, my children, and my
family for their incredible support. Your sacrifices have made this journey possible.

v

ACKNOWLEDGMENTS
Foremost, I would like to convey my great appreciation to my advisor Kyle
Brinkman for his support, guidance, and patience during my graduate study. He has been
an excellent guide and mentor who had provided valuable advice on my research and
writings.
A special thanks to Professor Lindsay Shuller-Nickles, who has been helpful with
research and a joy to work with. I also give my sincere thanks to my committee members,
Professor Rajendra Bordia and Professor Fei Peng for their advice and agreeing to serve
on my committee. I am grateful for their time, effort, and suggestions.
I want to thank my group mates and collaborators, Dr. Ming Tang, Dr. Jake
Amoroso, Dr. Yun Xu, Dr. Yuqing Meng, Dr. Tao Hong, Dr. Ye Lin, Dr. Siwei Wang,
Devin Harkins, Changlong Li, Jun Gao, Mingyang Zhao, and George Wetzel.
Finally, I want to thank my beloved wife, Kelsey Grote. I am incredibly grateful
and exceptionally blessed to have a woman like her at my side. Her support and
encouragement have been essential through this experience.

vi

TABLE OF CONTENTS

Page
TITLE PAGE ................................................................................................................... i
ABSTRACT ..................................................................................................................... ii
DEDICATION ................................................................................................................. v
ACKNOWLEDGMENTS .............................................................................................. vi
LIST OF TABLES .......................................................................................................... ix
LIST OF FIGURES ........................................................................................................ xi
CHAPTER
I.

INTRODUCTION ......................................................................................... 1
1.1 Scientific Objective ............................................................................ 2
1.2 Background ........................................................................................ 2
1.3 Experimental Procedure ................................................................... 27

II.

STRUCTURE AND STABILITY ............................................................... 34
2.1 Introduction ...................................................................................... 34
2.2 Experimental Procedure ................................................................... 35
2.3 Results and Discussion .................................................................... 36

III.

CESIUM LOSS, MELTING POINT AND FORMATION ENTHALPY .. 56
3.1 Introduction ...................................................................................... 56
3.2 Experimental Procedure ................................................................... 57
3.3 Discussion ........................................................................................ 58

IV.

IRRADIATION ........................................................................................... 74
4.1 Introduction ...................................................................................... 74
4.2 Experimental Procedure ................................................................... 75
4.3 Discussion ........................................................................................ 77

vii

Table of Contents (Continued)
Page
V.

LEACHING ................................................................................................. 94
5.1 Introduction ...................................................................................... 94
5.2 Experimental Procedure ................................................................... 95
5.3 Discussion ........................................................................................ 97

VI.

CONCLUSIONS........................................................................................ 105

REFERENCES ............................................................................................................ 107

viii

LIST OF TABLES

Table

Page

1.1

Target wt% concentrations for simulated waste stream. The phase
which partitions each element is given by: hollandite (H),
pyrochlore (Py), perovskite (Py), and zirconolite (Zr) 20 ........................ 5

1.2

Reported melting points for different M2+/3+ doped hollandite from
Aubin 23, Carter 49, and Costa 48............................................................. 16

2.1

B-site dopant series of Cr,Sn, Zn,Zr, In,Ti, and Ga,Ti hollandite
with primary and secondary phases. Most of these compositions
did not form hollandite even though the tolerance factor, tH,
was close to one ..................................................................................... 38

2.2

Samples with variable A-site occupancy and constant B-site ratio,
1 Zn: 7 Ti ............................................................................................... 43

2.3

Target, EDX and ICP-MS compositions for 67% occupancy A-site
compositions with lattice constants determined by FullProf
refinement .............................................................................................. 47

3.1

Target stoichiometry of compositions used for TGA, DSC, ATR,
and calorimetry measurements .............................................................. 57

3.2

Target, EDX and ICP-MS compositions for samples containing
15% excess Cs to counteract Cs loss during processing ........................ 66

3.3

Reported melting points for Zn,Ti hollandite calculated from onset
of the endothermic peak and ordered left to right from low to
high by melting point ............................................................................. 68

3.4

Enthalpies of drop solution (∆𝐻ds ) in sodium molybdate solvent at
702 °C and enthalpies of formation from component oxides
(∆𝐻f, ox ) and from the elements (∆𝐻f, el ) of four hollandite
phases at 25 °C ....................................................................................... 69

3.5

Enthalpies of drop solution in sodium molybdate solvent at 702 °C
(∆𝐻ds ) and enthalpies of formation from the elements (∆𝐻f, el ) at
25 °C of related component binary oxides............................................. 69

ix

List of Tables (Continued)
Table

Page

3.6

Thermochemical cycle for the general compound
BaxCsyZnx+y/2Ti8-x-y/2O16 that was used for calculation of
enthalpies formation hollandite from constituent oxides (∆𝐻f, ox )
and from the elements (∆𝐻f, el ) at 25 °C with correction based on
EDX analyzed compositions from Table 3.1 ......................................... 69

4.1

Sample compositions used for these experiments. The compostions
from the second set contained 15% excess Cs to compensate for
Cs losses during processing. Compositons with * were used for
leaching .................................................................................................. 76

4.2

Amorphization doses for Zn-doped samples irradiated in situ at
ANL with a 1 MeV Kr beam. The average onset of
amorphization and full amorphization fluence and calculated
dpa are given for each composition ....................................................... 79

4.3

Ga doped samples irradiated in situ at ANL. The onset of
amorphization and full amorphization fluence and calculated
dpa .......................................................................................................... 86

5.1

Target, EDX and ICP-MS compositions. All samples used for MIrad
contained 15% excess Cs to counteract Cs loss during
processing; M, denotes Monolith (C-1220) test, P, denotes PCT
(C-1285), and MIrad, denotes monolith (C-1220) after irradiation ......... 96

x

LIST OF FIGURES

Figure

Page

1.1

Hollandite unit cell viewed down the c-axis (tunnel-direction)
where tetragonal is (a=b)≠c and monoclinic is (a≠b)≠c. The dark
balls represent the A-site (Ba, Cs), the grey balls represent the
B-site (Zn,Ti) and oxygen is on each corner of the tetrahedrons............. 7

1.2

Data from Post et al. and Zhang et al. articles given the calculated
transition between tetragonal and monoclinic symmetry by the
Post ratio and the revised regions of tetragonal, undetermined
and monoclinic via the Zhang equation. A black circle denotes a
tetragonal symmetry and a square denotes monoclinic
symmetry. Most of the compositions had fully occupied A-sites .......... 10

1.3

XRD patterns for BaxZnxTi8-xO16 with varying Ba content of (a) x
=1.16, (b) x = 1.20 and (c) x = 1.24 ....................................................... 14

1.4

SAED of Ba1.16Al2.32Ti5.68O16 along the (a) [010] and (b) [13-3]
zone axes. The super lattice ordering spots can be seen between
the main indexed pattern ........................................................................ 15

1.5

Illustration of displacement spikes caused by an incident α-particle
and subsequent displaced atoms. This figure was modified from
Figure 2.2 in 51 ....................................................................................... 19

1.6

Amorphous fraction as a function of dose for several amorphization
process: A) defect amorphization, B) interface control, C)
cascade overlap, D) direct impact, and E) direct impact with
cascade twice as large as D) 25 ............................................................... 21

2.1

The different B-site dopant compositions with Cr,Sn as triangles,
Zn,Zr as squares, In,Ti as circles, and Ga,Ti as empty squares ............. 37

2.2

The Cr,Sn series shown in this figure formed only SnO (*) and
BaCrO4 (^) ............................................................................................. 40

2.3

The Zn,Zr series shown in this figure formed only ZnO (*) and
BaZrO3 (^) ............................................................................................. 40

xi

List of Figures (Continued)
Figure

Page

2.4

InTi series shown in this figure did contain hollandite (H) with a
minor phase of InTiO5 (*) and BaTiO9 (^) when Ba was present ......... 42

2.5

GaTi series shown in this figure formed tetragonal hollandite with
no secondary phases ............................................................................... 42

2.6

XRD patterns of BaxCsyZn1.0Ti7.0O16 synthesized by oxide route
with Cs = 0.00, 0.50, 0.67, 1.00, 1.33, 1.50, and 2.00. * denotes
rutile (TiO2), + denotes tunnel ordering and ◊ denotes a
parasitic Cs-phase .................................................................................. 45

2.7

XRD patterns of BaxCsyZn2x-yTi8-2x+yO16 synthesized by oxide
route with Cs = 0.24, 0.67, 1.00, 1.33. * denotes rutile (TiO2)
and + denotes tunnel ordering ................................................................ 48

2.8

Lattice constants dependence on Cs stoichiometry. The vertical
dashed line at Cs 0.29 denotes the approximate monoclinic to
tetragonal boundary ............................................................................... 51

2.9

Experimental data is projected onto xy-plane giving the post plot
with occupancy plotted along the y-axis. Black are tetragonal,
red are monoclinic. The red plane indicated by dashed lines is
the Zhang tetragonal/undetermined boundary ....................................... 52

2.10

SEM of unpolished hollandite grains (a) Ba133 (b) Cs029 (c) Cs067
(d) Cs133. The dark grains are TiO2, as indicated by EDX, and
the light grains are the hollandite. The TEM patterns for Ba133.
Cs029, Cs067, and Cs133 were along the [100], [100], [100],
and [111] zone axes respectively ........................................................... 54

3.1

TGA scan of ZnTi hollandite from 20°C to 1250°C weight loss
from each zone was attributed to a different process, Zone 1:
H2O evaporation, Zone 2: CsCO3 decomposition and Zone 3:
BaCO3 decomposition ............................................................................ 59
Each image is a collection of FTIR scans after a different
calcination temperature (a) 350 °C (b) 650 °C (c) 800 °C (d)
1050 °C. The TiO2 peaks overlap with the BaCO3 peak at 1421
cm-1 while the Cs2CO3 has a major peak at 1334 cm-1 and a
minor peak at 1440 cm-1. ZnO vibration modes do not have
peaks within the 1000 cm-1 to 1800 cm-1 range ..................................... 60

3.2

xii

List of Figures (Continued)
Figure
3.3

3.4

Page
Cesium (Cs) mass loss and Normalized Cesium (Cs) mass loss as
determined from TGA experiments. Normalized Cs mass loss
was calculated by dividing the total Cs mass loss by the initial
Cs mass in the sample determined by stoichiometry ............................. 62
XRD patterns of compositions containing 15% excess Cs prior to
synthesis by oxide route with Cs = 0.29, 0.67, 1.00, 1.33 and a
hollandite reference pattern.................................................................... 64

3.5

SEM of unpolished hollandite grains (a) Ba133 (b) Cs029 (c) Cs067
(d) Cs133. There was no secondary phase ............................................. 65

3.6

Deviation from target stoichiometry for compositions with excess
Cs (diamond) and those without excess Cs (circle) ............................... 66

3.7

DSC curve identifying the Cs2CO3, BaCO3 decompositions and
hollandite melting point ......................................................................... 67

3.8

Drop solution enthalpy, ΔHds, across the Zn hollandite
compositional range increased with increasing Cs content ................... 70

3.9

Experimental enthalpies of formation and DFT calculated
enthalpies versus Cs stoichiometry from the component oxides
at 25 °C (∆𝐻f, ox ) for Zn hollandite decreased (formation became
more favorable) with increasing Cs content .......................................... 70

4.1

SRIM dpa calculation for Cs067Zn that was exposed to 1x1014 or
5x1014 Kr/cm2 fluence using either 400 keV ions with an
incidence angle of 0° or 1 MeV ions with a incidence angle of
15° .......................................................................................................... 78

4.2

SAED of each composition during the in situ irradiation tests along
their respective zone axis; a) Ba133 along [100], b) Cs029 along
[100] c) Cs067 along [100] d) Cs100 along [111] and e) Cs133
along [111]. For comparison the amorphization at 1 x 1014
Kr/cm2 (middle row) and 1.5 x 1014 has been shown as well as
the fluence required for full amorphization is noted in the
bottom right corner ................................................................................ 80

xiii

List of Figures (Continued)
Figure

Page

4.3

Onset and full amorphization across the compositional range.
Circle: Average of onset of amorphization fluence with 95%
standard deviation error bars, Square: Average of full
amorphization fluence with 95% standard deviation error bars ............ 82

4.4

Critical amorphization dose for each composition at each
temperature ........................................................................................... 83

4.5

Schematic depicting proposed mechanism for tunnel collapse in
response to irradiation induced frenkel defect formation in
hollandite................................................................................................ 84

4.6

GIXRD of of Cs100Zn-1 which shows the broad amorphous peak
from 24° to 32° and the residual crystalline structure. The
bottom spectra was collected before irradiation while the top
spectra was collected after 5x1014 Kr/cm2 with a black dotted
line indicating the baseline. The * identify hollandite structure
peaks ...................................................................................................... 89

4.7

Percent amorphous versus fluence showing how the amorphous
content increased with dose ................................................................... 90

4.8

Selected area electron diffraction (left) and TEM bright field image
(right) of Cs100 sample, along [137], irradiated to 5 x 1014
Kr/cm2. The dark layer at the top is a carbon coating from the
FIB process ............................................................................................ 91

4.9

These SAED patterns are of Cs067Zn-2 along the [100] zone axis.
From left to right, pristine, 5x1013 and 1x1014. The superlattice
reflections, identified by the red arrow, in-between each primary
line disappeared after 5x1013 irradiation ................................................ 92

5.1

Fractional of Cs released from PCT and C 1220 leaching
measurements for Cs029, Cs067 and Cs133 compositions .................. 99

5.2

Normalized Cs release for PCT, and 1220 (monolith) measurements
with 1220 results normalized by geometric surface area and
BET measured surface area ................................................................. 100

xiv

List of Figures (Continued)
Figure

Page

5.3

The fractional Cs release from the irradiated monolith samples is
compared to the PCT and monolith results before irradiation ............. 102

5.4

The normalized Cs release from monolith samples after irradiation
was normalized by geometric surface area. The results are
compared to PCT monolith leaching before irradiation ...................... 103

xv

GLOSSARY
DFT: Density Functional Theory
dpa: Displacements Per Atom
DTA: Differential Thermal Analysis
EDX: Electron Dispersive X-ray Spectroscopy
HLW: High Level Waste
HRTEM: High Resolution Transmission Electron Microscopy
SAED: Select Area Electron Diffraction
MCC-1: Materials Characterization Center Static Leach Test Method
PCT: Product Consistency Test
rA: A-site cation radius
rB: B-site cation radius
SEM: Secondary Electron Microscopy
SYNROC: Synthetic Rock
TEM: Transmission Electron Microscopy
TGA: Thermogravimetric Analysis
XRD: X-ray Diffraction

xvi

CHAPTER ONE
INTRODUCTION
The proposed research objective is to develop radiation tolerant and corrosion
resistant hollandite for the purpose of radionuclide immobilization. To achieve this
objective, a systematic investigation of dopant effects on hollandite was studied,
specifically how to control the primary phase formation, monoclinic-tetragonal transition,
radiation stability, and corrosion resistance by altering dopants that are substituted into
the hollandite structure.
Waste forms are a classification of materials used for the immobilization of
radioactive elements present in nuclear waste. Safe methods for the disposal of both
legacy waste as well as civilian nuclear power plants are necessary for long term storage
and control of these radioactive byproducts 1. For this reason the development of efficient
and effective waste disposal techniques is needed. Historically, the application of
borosilicate glasses has filled this role; however, these glasses, while effective, are not
always the best alternative due to low waste loading and glass transition temperature 2.
For this reason a number of other waste forms have been proposed. One composite
ceramic material was proposed in 1979 called SYNROC, a portmanteau of “synthetic
rock.” SYNROC is a multiphase composite of distinct mineral phases, which are
compositionally tailored to immobilize specific elements and isotopes into the crystalline
lattice by chemical incorporation. This crystalline ceramic waste form was pioneered by
Ringwood and others in the late 1970s and was designed to mimic geologically stable
minerals found in Earth’s crust. Ceramic waste forms offer significant advantages over
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glass in terms of thermal stability, retention of radionuclides in aqueous environments,
and radiation tolerance 3–7. In SYNROC, hollandite is often chosen as the phase to
immobilize Cs and Sr due to its large eight coordinate cation site, structural versatility,
and stability in the presence of water. A better understanding of the hollandite structure
transition, as well as methods to increase its stability, would enable the implementation of
more effective waste forms and help prevent contamination of the world’s environment.
1.1. Scientific Objective
The objective of this thesis is to develop a more stable and efficient hollandite
phase for Cs immobilization by exploring the structural, thermodynamic, radiation
tolerance, and corrosion resistance changes associated with elemental doping of
hollandite and to determine methods to control those material characteristics. The specific
objectives are to:
1. understand the structure of hollandite and increase the Cs doping limit,
2. improve the thermal stability of hollandite and decrease Cs loss during processing,
3. increase the radiation tolerance of hollandite specifically to alpha-decay, and
4. reduce aqueous Cs leaching and describe the effect radiation has on leaching.
1.2. Background
1.2.1. History of hollandite
The hollandite-type structure was first describe in 1906 by the geologist Lewis
Leigh Fermor and named after Sir Henry Holland, the Director of Geological survey in
India 8. It was first noted as a potentially prominent waste storage ceramic by Australian
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researchers, specifically Ringwood, in the 1970’s4. The mineral hollandite
(Ba(Mn4+6Mn3+2)O16) is isostructural with cryptomelane (K(Mn4+Mn3+)8O16), coronadite
(Pb(Mn4+Mn3+)8O16), and manjiroite (Na,K(Mn4+Mn3+)8O16), indicating the chemical
flexibility of the structure 8–10. The synthetic hollandite material discussed by Ringwood
and others is similar to these minerals, though it is titanate-based. This titanate hollandite
has a natural analogue in the form of the rare mineral priderite, a (Ba,K)(Fe,Ti)-hollandite
9, 11, 12

. For the purposes of this work, the term hollandite will refer to the synthetic

hollandite-type structures, which are generically classified under a mineralogical
hollandite supergroup consisting of Mn(IV) and Ti(IV) oxides distinguished by tunneled
structures with tetragonal or pseudo-tetragonal crystal symmetry.
1.2.2. Hollandite applications
In addition to its use as waste form, the hollandite structure has also been investigated for
other applications, primarily in energy materials. Hollandite has been of interest as a
battery material due to the cation mobility along the tunnel and for its potential
ferromagnetic properties 13, 14. In a study related to active cathode materials for lithium
rechargeable batteries, hollandite was shown to readily exchange hydronium and lithium
ions within the tunnel 13. In a different study, the discharge capacity of silver manganese
hollandites was found to be dependent on the silver content, grain size, and surface defect
14

. Typically, the magnetic properties of hollandite are not considered. However,

hollandite’s use as a magnetic insulator has interesting potential applications in
spintronics and multiferroics. In one such study, BaxMn8O16 hollandite was shown to be
tunable to promote ferromagnetic behavior from a previously antiferromagnetic material
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by doping with cobalt 15. The application of hollandite-type materials in the fields of
battery, magnetic, and waste form research is ongoing and illustrates the structure’s
adaptability 16–18.
1.2.3. Waste form hollandite
Initially, glass waste forms were developed for use as radioactive waste forms.
Minor reprocessing was necessary as glasses could stabilize a broad range of elements
into their amorphous structure. Additionally, melt processing the glass waste forms
allowed for large-scale processing, making it an attractive material for waste storage 2.
There are some difficulties with glass when incorporating Cs and Mo due to their lower
solubility in glass and high solubility in water 2. One of the issues with glass waste forms
has been the formation of crystalline regions, such as nepheline and spinel, during
processing 19. These phases lead to increased elemental leaching and weaken the glass
network. For this reason, multiphase ceramic waste forms have been investigated as they
are typically less soluble in water, especially above atmospheric temperature and pressure
20

. In these ceramic waste forms, the radionuclides from the waste stream are

incorporated into the crystalline structure. One promising ceramic material is a multiphase titanate ceramic composite, called SYNROC (i.e. synthetic rock), composed of
hollandite (Ba1.3Zn1.3Ti6.7O16), perovskite/pyrochlore (CaTiO3), and zirconolite
(CaZrTi2O7).
The three SYNROC phases are capable of incorporating nearly all the elements
present in high level waste (HLW), including fission products and actinides. Elements
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from the waste stream with M3+ or M2+
form perovskite, (A2+)TiO3, and
pyrochlores, (A3+)2Ti2O7, while M4+
species are incorporated into zirconolite,
CaM4+xZr1-xTi2O7 20–22. Hollandite can
incorporate the large mono- and divalent
elements due to its complex structure and
eight coordinate tunnel sites with the
general formula BaxCsyMzTi4+8-zO16 23–25.
If M is trivalent, then z = 2x+y, and if M is
divalent, then z = x+y/2 26. Perovskite is
primarily responsible for Sr sequestration,
whereas pyrochlore and zirconolite are
host materials for the actinides, such as

Table 1.1: Target wt% concentrations for
simulated waste stream. The phase which
partitions each element is given by:
hollandite (H), pyrochlore (Py),
perovskite (Py), and zirconolite (Zr) 20
Element
Target
Phase
Ba
10.69
H
Ca
0.93
Py Pv, Zr
Cd
0.09
Pv
Ce
2.48
H, Pv, Py
Cs
2.54
H
Eu
0.14
Pv, Py
Fe
10.00
H, Py
Gd
0.13
Py
La
1.26
Py
Mo
0.53
Other
Nd
4.19
Py Pv
Pr
1.16
Py
Rb
0.36
H
Se
0.05
Pv, Zr
Sm
0.87
Py
Sn
0.05
H, Zr
Sr
0.78
Pv
Te
0.49
Pv, Zr
Ti
27.55
H, Pv, Py, Zr
Y
0.46
Py
Zr
2.07
Py, Zr

Pu, the rare earth elements, like Nd, and the lanthanides. Hollandite can incorporate the
Ba, Cs, K, and Rb elements. An example of waste stream composition generated from
reprocessed used nuclear fuel is given in Table 1.1 to show the variety of elements being
immobilized.
SYNROC typically consists of a large amount of hollandite since about 13% of nuclear
fission yield is Cs 27, 28. The high Cs yield and difficulty forming Ti-hollandite in
oxidizing conditions, led to a focus in hollandite research. Doping allowed for processing
in oxidizing conditions and also allowed for a mechanism to lower hollandite’s melting
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point. By doping with elements present in the waste stream, more efficient and lower
melting point hollandite could be developed. For that reason, hollandite has been
suggested as a good candidate for the storage of Cs, K, Rb, and Sr 23–25. Hollandite would
be one of the four components of the multiphase ceramic called SYNROC, which
contains zirconolite, pyrochlore, and perovskite, in addition to the hollandite 29.
In the waste form environment, hollandite would be exposed to both β-decay and α-decay
from the neighboring actinide-doped phases. In order to effectively store radioactive Cs,
Rb, and Sr, hollandite must be tolerant to radiation, both α and β, resistant to Cs leaching,
and easily processed. Research into tuning the radiation tolerance and leaching resistance
by doping is an ongoing process.
1.2.4. Hollandite Crystallography and Crystal Chemistry
Hollandite is a crystalline material with the general formula A2B8O16, where A is
either mono- or divalent and B is di-, tri-, or tetravalent. There are two crystal systems:
monoclinic, I2/m, and tetragonal, I4/m, as shown in Figure 1.1. The hollandite structure is
based on pairs of edge-sharing BO6 octahedra extending along the short crystallographic
axis (typically the c-axis). These BO6 pairs share edges and corners with neighboring
BO6 pairs forming a tunnel framework, which accommodates the larger A-site cations.
There are eight edge sharing octahedra and two tunnel cations per unit cell. Many
different cations have been used for forming the hollandite structure as its application
ranges from energy conductive materials to nuclear waste forms. Therefore, a variety of
cations can be used for the B-site, including Al, Co, Cu, Cr, Fe, Ga, Ge, Ir, Mn, Mo, Rh,
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Ru, Si, Sn, Ti, and Tc, and, for the A-site, Ag, Ba, Cs, K, Na, Pb, Rb, and Sr 4, 23, 30, 31.
The malleability of the tunnel symmetry and ease of octahedral distortion makes
hollandite a particularly useful structure for incorporating multiple elements from the
nuclear waste stream.
Figure 1.1: Hollandite unit cell
viewed down the c-axis (tunneldirection) where tetragonal is (a=b)≠c
and monoclinic is (a≠b)≠c. The dark
balls represent the A-site (Ba, Cs), the
grey balls represent the B-site (Zn,Ti)
and oxygen is on each corner of the
tetrahedrons

1.2.5. Effect of doping
The different valence and ionic radii of dopants affect the micro and macro
structure of hollandite. When substituting Cs+ for Ba+2, as is the case for SYNROC
hollandite, a charge imbalance occurs. Two of the methods of compensating for the
charge imbalance include i) reducing Ti4+ to Ti3+ and ii) partially replacing Ti4+ with a
lower valence B-site cation, M3+/2+. Originally, doping was not used; the charge balance
was achieved by Ti reduction through processing in reducing environments 23. Later
processing in air with a M3+/2+ dopant was found to achieve the same result and avoided
the extra step of reducing conditions. For example, in the case of Xu et al., Ti+4 was
replaced with the larger Ga+3 cation to charge balance and found that the B-O bond
length expanded, thereby increasing the lattice parameters 31–33. Doping on the A-site can
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achieve a similar and more pronounced expansion and contraction of the lattice constants
12, 23, 31, 34

. These changes in lattice constants can have an effect on symmetry as well.

Hollandite can exist in both the monoclinic, I2/m, and tetragonal, I4/m, crystal
systems depending on the composition. In literature, tetragonal symmetry has been
preferred for waste forms materials due to its higher symmetry. To maintain the
tetragonal symmetry, the hollandite tunnel structure must be stabilized. The structural
stability of hollandite is governed by the interplay between the ionic radius, cation
repulsion, tunnel cation ordering, cation occupancy, and the valence of the cations 9, 35.
A few researchers have used simple geometric equations to model the formation
and stability of hollandite. In 1986, Kesson et al. published a tolerance factor, tH, which
used the average A-site cation radii, rA, average B-site cation radii, rB, and oxygen radius,
rO, to predict the likelihood of hollandite phase formation (Equation 1). This approach
does a reasonable job at predicting hollandite formation, as an ideal hollandite has a tH of
1.00 and stable hollandite phases formed while having tH values ranging from 0.93 to
1.16. However, this method does not account for octahedral distortions, ordering, or
symmetry, as it relies entirely on ionic radii.
12

 rA  rO 2  1  rB  rO 2 
2

tH  
3 2  rB  rO 

(1)

A few models for determining hollandite symmetry have also been developed. In
1982, Post et al. published a simple ratio rule based on ionic radii where, if rB rA  0.48 ,
hollandite will have tetragonal symmetry, as shown in Figure 1.2. For this equation, rB
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refers to the average B-site cation radii and rA refers to the average A-site cation radii.
Though useful and shown to be predictive, there were some shortcomings to this rule as it
does not incorporate the valence or occupancy of the tunnel cations, which has an effect
on the tunnel stability.
To build upon previous work, Zhang et al. (1994) developed a more complete set
of equations to predict symmetry as well as lattice parameters. The symmetry equations
were composed assuming that tetragonal symmetry always occurs when rA is greater than
a critical radius, rC. The A-cation has a radius equal to rC when it cannot be displaced in
the tunnel cavity. The lower limit for tetragonal symmetry was defined based off rC, and
the cation displacement due to temperature, which is on average 0.15 Å. Therefore, the
lower limit was equal to rC minus 0.15 Å. These two equations define an undetermined
zone near the Post ratio where, if rA lies between the values set by Equations 2 and 3,
then the hollandite symmetry is undetermined. In the undetermined region, the symmetry
is dependent on the octahedral distortions, ordering effects, and tunnel occupancy, which
are not incorporated into the symmetry equations 31. The Post and Zhang equations are
shown in Figure 1.2, along with the associated data from their studies.
Tetragonal limit

rA  2  rO  rB   rO

(2)

Monoclinic limit

rA  2  rO  rB   rO  0.15

(3)
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Figure 1.2: Data from Post et al. and Zhang et al. articles given the calculated transition
between tetragonal and monoclinic symmetry by the Post ratio and the revised regions of
tetragonal, undetermined and monoclinic via the Zhang equation. A black circle denotes a
tetragonal symmetry and a square denotes monoclinic symmetry. Most of the
compositions had fully occupied A-sites
The tetragonal/monoclinic transition is also dependent on temperature, with the
tetragonal symmetry being preferred at higher temperature and the transition to
monoclinic occurring between 100-500°C 35, 36. Radiation can also affect the symmetry,
as has been shown with simulated alpha particle 238-Pu irradiation 37. In addition to the
symmetry predictions, Zhang et al. also showed that the a and c lattice constants can be
predicted through consideration of the B cation valence, ZB, and the excess size of the A
and B-site cations, δA and δB.
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a ( Å)  5.130( rO  rB )  0.291Z B  0.441 A

(4)

c(Å)  2(rO  rB )  0.0366 Z B  0.552 B

(5)

Doping also has an effect on densification and secondary phase formation in the
hollandite system. In one study by Aubin et al., the effect of substituting the trivalent
cations Al, Cr, Ga, Fe, Mg, and Sc was studied with a sintering temperature of 1200 °C
for all samples 23. The general conclusion was that substituting with Fe typically resulted
in higher densification and less secondary phase formation. This study found that
substituting Ti with Sc or Mg did not result in a single phase hollandite, which was
attributed to the larger radius difference between Sc and Mg compared to Ti and the high
melting point of their oxides. While substituting with Al, Cr, Ga, or Fe, formed single
phase hollandite samples containing Al or Cr had lower density, while Ga and Fe had
higher density 23. In a similar study by Hyatt et al., the optimal sintering temperatures to
achieve maximum density were determined for hollandites doped with divalent Co, Mg,
Mn, Ni, and Zn and trivalent Al, Cr, and Fe 38. They found that all but Mn-doped
hollandite formed a single hollandite phase, and Mg-doped hollandite had the lowest
density at 93%. The optimal sintering temperature for each composition was 1285°C for
Mn and Zn; 1330°C for Fe, Mg; and 1450°C for Al, Cr 38. These results can also explain
some of the conclusions from the Aubin study where they found that Fe-doped hollandite
had the highest density. This is because the optimal sintering temperature of Fehollandite was closest to the processing temperature used 23.
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1.2.6. Superstructures and ordering
In hollandite, there exists a superlattice ordering phenomena that has been
described in a number a studies and is associated with tunnel cation ordering 23, 39–42. The
four primary factors that lead to the tunnel ordering phenomena are intra-tunnel
interactions, inter-tunnel interaction, octahedral shielding capacity, and kinetic effects.
Intra-tunnel interactions arise via electrostatic repulsion between adjacent tunnel
cations limiting full A-site occupancy for compositions containing divalent tunnel cations
41, 42

. According to Bayer and Hoffman, full tunnel occupancy can be achieved only for

titanate hollandites containing Rb or K as their atomic radii and monovalent charge
density are sufficiently small to avoid steric and electronic hindrance 43. Though Cs is
monovalent, its atomic size does not allow for full occupancy due to steric interference. A
related intra-tunnel interaction is cation displacement ordering that can occur where
tunnel cations are regularly displaced off the lattice site, leading to superlattice ordering
41

. Intra-tunnel interactions are responsible for one dimensional (1D) ordering.
Inter-tunnel interactions between cations from adjacent tunnels can lead to three

dimensional (3D) superlattice ordering 31, 39. In particular, Ba-hollandite often adopts a
3D tunnel ordering due to its divalent nature having a higher charge density that
overcomes the electrostatic shielding of the octahedral framework. The tunnel ordering
pattern for a 3D ordered structure is typically offset relative to the neighboring tunnel to
reduce inter-tunnel repulsion. The shielding capacity of the octahedral framework
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imperfectly limits the long range effect of inter-tunnel interactions and can be determined
by the polarizability of the given octahedral framework. In general, smaller high valence
ions have greater polarizability than larger low valence ions.
Finally, kinetic effects suggest that crystallization from a melt (i.e. above the
solidus) adopts longer range ordering than crystallization from a sub-solidus temperature
41

. For the current study, all samples were crystallized sub-solidus, so kinetic effect

should be minimized. It should be noted that nonstoichiometric oxygen content has been
shown to affect the temperature of the monoclinic/tetragonal symmetry transition and
superstructure reflections in Ba,Ti hollandite. An ideal oxygen stoichiometry results in
maximum superstructure reflection intensity and no superstructure reflections for samples
with significant oxygen excess 36.
Superstructure ordering has been recorded via XRD and TEM for multiple
hollandite compositions 23, 36, 39, 41, 42, 44–47. Most published studies which show hollandite
exhibiting superlattice features have only one element type, not both Ba and Cs for
example, on the A-site. Additionally, the heat treatment time and cooling rate both affect
the intensity superlattice features, while the A-site occupancy affects the position of the
superlattice peaks 39. Carter et al. showed that the positioning of the satellite reflections in
XRD is directly relatable to the A-site occupancy, as shown in Figure 1.3 39. They also
showed that monoclinic hollandites exhibited greater ordering than tetragonal hollandites
39

. By studying the effects of oxygen nonstoichiometry, Filimonov et al. showed that

these oxygen defects can alter the presence and position of the satellite reflections. These
samples were processed at different temperatures, which could also have had an effect on
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the superlattice intensity 36. Ordering occurs in the tunnels along the short axis.
Therefore, depending on the beam direction, the shape and intensity of the superlattice
spots vary. The difference in superlattice intensity for Ba,Al-hollandite along two
different zone axes can be seen in Figure 1.4 23. Depending on the A-site stoichiometry,
x, the ordering follows different patterns. For example, when x = 1.33 the tunnel cations
follow an A-A-X pattern 41, 45.

Figure 1.3: XRD patterns for BaxZnxTi8-xO16 with varying Ba content of (a) x = 1.16, (b)
x = 1.20 and (c) x = 1.24 39
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Figure 1.4:SAED of Ba1.16Al2.32Ti5.68O16 along the (a) [010] and (b) [133̅] zone axes.
The super lattice ordering spots can be seen between the main indexed pattern 23
1.2.7. Melting point and cesium loss
In addition to changing the lattice structure, doping also affects the material
properties. Scalable processing techniques, such as melting and crystallization, require
knowledge of the compositionally dependent melting points of candidate materials. To
date, there have been limited studies on the melting point of Ba-hollandite. Some studies
have investigated the B-site dopant effect on melting point as well as the effluent gas
composition and crystallization temperature 23, 48, 49. The melting point data from the
studies listed in Table 1.2 show that the melting point depends primarily on the B-site
cations in the compositional ranges studied. Samples by Carter et al. were melt processed
and contained less than 65% hollandite with melting points that were 100 -200°C lower
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than similar single-phase hollandite compositions 49. In work by Costa et al. precursor
powders formed a single phase hollandite with melting points close to values published
by Aubin et al. 23, 48, 49. Understanding the dopant effects on the melting point and
elemental volatility will aid in developing methods for efficient large scale processing
techniques.
One obstacle to efficiently
processing hollandite containing Cs is the

Table 1.2 Reported melting points
for different M2+/3+ doped hollandite
from Aubin 23, Carter 49, and Costa 48

tendency for Cs to volatilize during
heating. Cs volatization leads to
contamination in the furnaces and Csdeficient stoichiometries. Processing
radioactive Cs requires a capture or
control system to prevent health and
environmental damage. There are no
published papers that quantify the rate of
Cs loss during processing of ceramic
waste forms.
The study of the formation enthalpy, or calorimetry, between different
compositions of hollandite can allow for predictive modeling of probable phase
formations, processing information, as well as durability both corrosion via leaching and
radiation tolerance. Recently, there have been a few preliminary studies that have
measured the formation enthalpy of Ba-rich hollandite materials. In 2013, Costa et al.
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found that enthalpic stability of different B-site doped hollandites increased as average Bsite cation radius, rB, decreased 48. Xu et al. examined thermodynamic stability changes
due to different A-site cations, Cs, Rb, and Sr. Thermodynamic stability was found to
increase as the A-site cation radius, rA, increased.
1.2.8. Radiation damage and effects tolerance
The radiation tolerance of waste forms has been thoroughly discussed in the
literature. Since structural deterioration, either by structural change or amorphization, can
lead to increased leaching (specifically of Cs), radiation tolerance is significant in
determining if a material is suitable for waste immobilization.
The damaging effects of radiation on crystalline solids have been known for many
years to cause lattice disorders. The interaction between an energetic particle and a solid
causes the displacement of electrons, displacement of atoms from lattice sites, excitation
of atoms and electrons, and transmutation of nuclei 50. Displacement may occur via
ballistic interactions, where kinetic energy is transferred from an incident particle, or
through radiolytic interactions, where radiation induced electronic excitation is converted
into atom displacement 51. The accumulation of defect events on an atomic scale, via
radiation damage, results in macroscopic and observable changes to the solid 52.
Radiation damage analysis attempts to model and predict the formulation of the point
defects, vacancy, and interstitial atoms that result in the observed material changes.
The energy transfer from a high energy particle, such as an α-particle, ranges from
tens to hundreds of kilo-electron-volts, keV 53. The energy of this incident particle is
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sufficiently higher than the bonding energy of lattice atoms to displace the lattice atoms,
resulting in a primary knock-on atom, PKA. A sufficient amount of kinetic energy is
imparted to the PKA, generally between 20 eV and 70 eV, so that both particles can
produce additional lattice displacements called recoil atoms 51. As long as the displaced
atom is sufficiently far from its origin, outside the recombination zone, it will not
spontaneously return. The displaced atom must also be sufficiently far from another
radiation-induced vacancy. If so, then the atom becomes an interstitial atom with the
original lattice site being identical to a thermally produced vacancy 50. The size of the
recombination zone is dependent on defect mobility. In this way, one incident particle
results in a displacement cascade of atomic collisions. As the number of incident particles
increase, the individual displacement cascades overlap, and amorphous heavy damaged
regions are formed 51, 53. Individual heavy ions can also cause amorphization within their
own cascades54. The amount of disorder and depth of defect regions depends on the
incident ion energy, dose, channeling effects, host material, and temperature 37, 53–56.
The point defects generated from incident and subsequent PKA are treated as
simple two-body elastic collisions and can also form clusters of interstitials and
vacancies, as seen in Figure 1.5. Inelasticity can also occur by the excitation or ionization
of electrons. The interaction of displacement atoms with electrons is the major energyloss contributor at high energies and leads to rapid isolated melting along the path of the
α-particle 51. Though electronic excitation produces heat, the low mass of elections are
ineffective at causing displacements.
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Figure 1.5: Illustration of displacement spikes caused by an incident α-particle and
subsequent displaced atoms. This figure was modified from Figure 2.2 in 51
1.2.9.

Displacement per atom parameter

Rather than measuring radiation damage in terms of absorbed dose – such as in
sieverts or grays – the crystalline properties of ceramics allow for a more accurate
depiction of structural damage by measuring radiation damage via the number of
displaced atoms per given radiation dose. In this way, the amount of damage a structure
has sustained can be compared, independently of material properties rather than by
absorbed dose, which is dependent on the material’s density and absorption
characteristics. The damage measurement term was aptly named displacements per atom,
or dpa. Therefore a value of 1 dpa means that, on average, every atom in a given volume
has been displaced once from its original lattice site. In order to calculate a dpa value
using Equation 6, it is necessary to know the effective displacement cross-section (σd),
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which gives the probability of an atom displacement as a result of ion collision and the
ion fluence (Φ).
𝑑𝑝𝑎 = 𝜎𝑑 𝛷

(6)

1.2.10. Amorphization models
Amorphization is typically the metastable phase formed as a result of ion
irradiation. An amorphous phase is characterized by an aperiodic structure which exhibits
an increase in volume. In general, amorphization of ceramics at high temperatures
requires higher levels of radiation and only occurs below a critical temperature due to
accelerated defect recovery at high temperatures.
There are four different types of amorphous accumulation behavior observed for
materials which are susceptible to amorphization. i) progressive amorphization by point
defect accumulation (homogenous), ii) interface-controlled amorphization, iii) cascadeoverlap amorphization (heterogeneous), and iv) in-cascade amorphization
(heterogeneous) 25. These amorphization processes are illustrated schematically in Figure
1.6. Curve A) represents amorphization that occurs nearly spontaneously after a critical
defect concentration. Curve B) indicates an interface-controlled process, which has a
linear dependence on dose. This process is typically seen with amorphization induced by
ballistic mixing of intermetallics. Curve C) occurs by cascade overlap where the
probability of a cascade impact decreases at the end of the irradiation time, causing the
slope to approach zero while the curvature at the beginning describes the probability of
initial damaged zones overlapping so that cascade superposition is probable. Curves D)
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and E) represent direct impact with different cascade sizes. Based on these processes, if a
given material’s amorphization content can be experimentally determined as a function of
cumulative dose, then it may be possible to discern the proper amorphization mechanism
25

. For most ceramics, amorphization from α-decay and heavy ion irradiation occur

heterogeneously, as seen in curves C, D, and E 25.

Figure 1.6: Amorphous fraction as a function of dose for several amorphization process:
A) defect amorphization, B) interface control, C) cascade overlap, D) direct impact, and
E) direct impact with cascade twice as large as D) 25
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1.2.11. Radiation stability of hollandite
The radiation stability of hollandite is an important factor to consider as hollandite
will be exposed to multiple types of radiation in the SYNROC environment 7, 57. The
radiation stability of hollandite has been previously studied by ionizing electron, neutron,
and alpha irradiations, as well as accelerated heavy ions to simulate alpha-recoil damage
58–63

. In the current work, Kr2+ ions were used to simulate alpha damage as Kr simulates

the conditions employed for the investigation of constituent SYNROC phases, hollandite,
zirconolite, and perovskite 22, 57. Hollandite has been shown to be susceptible to electronic
defect formation in the form of oxygen interstitials and vacancies near Ti3+ ions when
exposed to light ion radiation, such as β- and high voltage electron sources 59. Though
most of the structural damage is due to α-decay, electronic defects occur for β-decay as
well. Additionally, depending on the extent of exposure to heavy ion radiation, α
particles, volume swelling, a tetragonal to monoclinic structural transition, and
amorphization via crystalline disordering can occur. PbO2 irradiation has been shown to
cause volume swelling of 2.1% for hollandite while maintaining original crystallinity 37,
64

.
In this work, fluences between 1x1014 and 5x1014 Kr/cm2 were used for

irradiation. For hollandite this corresponds to between 0.25 and 2.00 dpa, which is a
measure of how much damage each ion causes due to interaction with the structure. It is
important to note that the projected dpa generated from α-decay and β-decay varies
depending on the composition of the waste. In one study, the damage generated in a
ceramic waste form containing 10 wt% 239Pu (or DOE tank waste) after 1000 years was
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estimated to be about 0.5 dpa (or 0.01 dpa) 25. A few years earlier, the dpa generated from
20 wt% waste loading in SYNROC was estimated at 0.2 dpa after 1000 years 55. Finally,
for 25 wt% loading in SYNROC the estimated damage on the non-actinide containing
phases was about 0.05 dpa after 1000 years 37. Therefore, a fair estimate for damage
generated in a SYNROC phase after 1000 years is about 0.2 dpa and at maximum 0.5
dpa. In this thesis, 1000 years of alpha-decay damage was simulated in about 45 minutes
of exposure.
Crystalline disordering, or ion-induced amorphization, of hollandite occurs at
around 0.9 displacements per atom (dpa) with Kr2+ ions. 7, 37 The amorphization process
occurs by a damage cascade where the incident particle inelastically collides with lattice
atoms transferring momentum and heat, which lead to secondary defect formation 54, 65.
All crystallinity in this cascade zone is disturbed, then some fraction is recrystallized. If
epitaxial recrystallization is incomplete, then an amorphous fraction forms and can
accumulate upon subsequent irradiation. Further, electron irradiation stimulates the
formation of oxygen vacancies and tunnel displacement of Ba cations 59. Most of these
defects do not recombine upon annealing, and some, such as Ti3+ and O2-, migrate to
form defect clusters 66. In work by Kesson et. al, inclusion of Ar ions in tunnels along
with Ba2+ depletion was suggested to cause tunnel distortion and octahedral framework
collapse 41. Studies on the amorphization behavior at elevated temperatures have been
performed on other waste form materials, but not hollandite, to our knowledge 53, 54, 65.
For these materials, there exists a critical temperature at which full recrystallization
occurs within the cascade making the material highly resistant to radiation induced
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damage. The critical amorphization temperature varies between materials and has not
been determined for hollandite.
While the composition of the B-site cation has been shown to affect the radiation
tolerance, the impact of the A-site cation composition has not been reported in literature.
The emergence of an amorphous phase has been shown in crystalline/amorphous crosssections of irradiated Cr- and Cr,Al,Fe-hollandites 7. Grazing incidence X-ray diffraction
(GIXRD) measurements of the amorphous region reveal a broad peak from 22° to 37° in
the diffraction spectra 7. The thickness of the amorphous layer is dependent on the
ionizing energy and material composition and is often only a few hundred nanometers
thick. GIXRD is especially useful in examining the amorphous layer as it only probes
~50nm of the surface 7, 67. Amorphization is caused by the cumulative buildup of point
defects in ionic structures, such as hollandite. Preventing the buildup of or recovering
these point defects via frenkel pair recombination is key to a material’s resistance to
amorphization 68.
1.2.12. Leaching
The topic of corrosion is a consideration for any man-made material, and many
natural materials. When considering the waste forms, environment corrosion or more
specifically elemental leaching is incredibly important. The waste form material must be
stable at temperature such as 250 °C for hundreds of years and 90°C for tens of thousands
of years. In addition, repositories in which waste forms will be placed will contain water,
nature’s most persistent corrosive agent. While engineered barriers such as containment
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vessels will limit water contamination, a waste form’s resistance to elemental leaching is
an important factor when determining its suitability in comparison to other materials and
the base value used when modeling groundwater contamination events. Elemental
leaching is especially important for phases containing Cs, I, Sr, and Tc as these elements
readily form water soluble compounds 69.
Borosilicate glass has been used to immobilize complicated waste streams that
include Cs because of its amorphous structure 2. However, one challenge for waste glass
is volume expansion in the presence of water and due to radiolysis which leads to
increased elemental leaching 25, 70. These weaknesses can be improved by incorporating
crystalline phases to the glass 71. Ceramic phases such as pollucites 71, 72, pyrochlore,
apatite, and hollandite have also been studied to selectively store Cs with hollandite being
considered one of the best due to low ionic conductivity and natural electron trapping 73.
The mechanism for elemental dissolution from hollandite is not fully understood
though some researchers have made progress. For Ti containing hollandite Luca et al.
proposed a Ti3+ oxidation reaction mechanism for Cs release with the subsequent
formation of rutile as a by-product. This mechanism has been supported in a Cs leaching
study by Angeli et al. 74, 75. In these studies, Cs and Ba loss is most significant at very low
pH. While elemental loss near pH 1 was accompanied by the formation of rutile, loss
near pH 2 exhibited more prevalent Ba and Al depleted hollandite 75. Above pH 1 Cs loss
appeared to be independent of pH. Additionally, Cs loss was found to be independent of
surface area 26, 75.
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For these reasons the resistance to Cs release in the presence of water, leaching
durability, is important to quantify. Due to radioactive heat generated from the short halflife isotopes, such as Cs and Sr, the hottest thermal period lasts for about 300-500 years
with the waste forms reaching temperatures between 90-250 °C. These ranges are based
on waste forms containing defense waste or low weight (10-15%) commercial waste. In
general, the depository is not expected to exceed 90 °C though this depends on the host
rock properties, weight loading, age of the waste, and ambient temperature among other
things. Therefore a 90 °C limit was selected and is still used for many leach tests both for
its applicability and experiment comparability. Different techniques for measuring
leaching have been developed around the world. The two most common methods used for
benchmarking a material’s performance of elemental leaching are: 1) the ASTM C 1285
product consistency test (PCT), which measures elemental release from crushed powder
at an elevated temperature, and (2) the ASTM C 1220 leach test, which measures
elemental release from a monolith at an elevated temperature 76, 77. The PCT (and ASTM
C 1220) have been used globally as standardized leach tests for compositional screening
1, 73, 78

.
The most comparable way to measure leaching between different types of

hollandites is either by a normalized leach rate where the elemental leaching is
normalized by the surface area resulting in g/m2, or by fractional leaching where leaching
of element A is normalized by the initial content of A resulting in % of A leached 26, 75.
Leaching from glass waste forms is often measured as g▪m-2d-1 and correlated to the
growth of an alteration layer.
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To our knowledge, there are only two published studies on the leaching behavior
of irradiated hollandite performed in the presence of gamma and fast neutron irradiation
neither of which had a significant effect on hollandite leaching behavior 29, 79. In this
work, the effect of heavy ion irradiation and elemental leaching of hollandite with
implication in material’s behavior in multiphase waste form systems have been studied in
tandem.
1.3. Experimental Procedure
1.3.1. Methods of Synthesis
The general formula for hollandite (A,B)x,(M,N)8O16 is dependent on the B
dopant. For M2+N4+ the general formula is AxByMx+y/2N8−x−y/2O16 while for M3+N4+ the
general formula is AxByM2x+yN8−2x−yO16. All samples were synthesized from reagent
grade oxides and carbonates by solid state reaction in air. The precursor powders were
ball milled in ethanol for 24 hours then calcined. The calcined powders were ball milled
in ethanol for 24 hours and pressed into pellets (~335 MPa) followed by sintering. The
calcination and sintering conditions differed and are given in their corresponding
chapter’s experimental section.
XRD was used to characterize the structure and determine phase purity. Both a
Rigaku Ultima IV and a Miniflex600 using Cu Kα wavelength (λ = 1.54 Å) were used to
collect the spectra then select patterns were refined using the FullProf software. SEM and
EDX were used to determine real stoichiometry, porosity, approximate the presence of
secondary phases such as rutile, and record microstructure information. SEM and EDX
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were collected with a S-3400N VP-SEM. TEM micrographs were imaged at Argonne
National Laboratory (ANL) with a 300 keV Hitachi 9000 and at Clemson electron
microscopy lab with a 300 keV Hitachi 9100. The real stoichiometry was calculated by
normalizing for charge imbalance present in the EDX measure stoichiometry. For this
normalization oxygen stoichiometry was assumed to be sixteen, though it does deviate 36.
Assuming ideal oxygen stoichiometry as processing was in air, additionally the Ti
stoichiometry was assumed to remain unchanged from the targeted value. The real
stoichiometry was charge balanced by multiplying the Ba, Cs, and Zn EDX
stoichiometries by the normalization factor, determined using Equation 7. The
normalization factor was calculated from the stoichiometry, Ni, and charge, Qi, for each
element in the EDX stoichiometry.
normalization factor =  QO * N O  QTi * NTi  /  N Ba * QBa  NCs * QCs  N Zn * QZn 

(7)

Secondary phases were present depending on the processing conditions. Rutile
was the most common secondary phase, in most cases the weight percent of secondary
phases were sufficiently low as to be within the XRD error. Therefore, the secondary
phase weight percent were calculated by averaging the area of a given phase per total
area of SEM images using ImageJ.
Density and surface area were also measured by the geometric technique and with
Brunauer-Emmett-Teller (BET) measurements to more accurately calculate the surface
area. Surface area results were specifically used for elemental leaching analysis.
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1.3.2. Thermodynamics and calorimetry
Thermogravimetric analysis (TGA) was performed using a Perkin Elmer TGA 7
to record from 25°C to 1000°C at 10°C/min and 1000°C to 1250°C at 5°C/min.
Differential Scanning Calorimetry (DSC) was performed using a Netzsch DSC 404 C to
measure from 25°C to 1450°C on 6-10 mg samples in yttrium coated alumina crucibles at
10°C/min with 60 mL/min argon flow. Infra-red (IR-spectroscopy) was performed with a
Thermo-Nicolet Magna 550 FTIR after samples were calcined at four different
temperatures; 350°C, 650°C, 800°C, and 1050°C. The melting points were calculated
from the onset of the endothermic peak.
High temperature oxide melt solution calorimetry was performed using the
AlexSYS 1000 calorimeter (SETARAM) operating at 702 °C with sodium molybdate
(3Na2O•4MoO3) solvent to measure enthalpies of formation of six different Zn-doped
hollandites. Detailed instrument and experimental procedure can be found in reviews and
reports by Navrotsky 80, 81. Approximately 5-10 mg samples were weighed, loosely
pressed into pellets, and dropped from room temperature into the molten oxide solvent
contained in a platinum crucible in the calorimeter. The calorimeter assembly was
flushed with gas at an average of 50 mL/min rate. Gas was also bubbled through the
solvent at 5 mL/min in order to stir the melt and enhance the dissolution rate of the
samples. Since there is no change in the oxidation state of the ions after dissolution,
either air or oxygen can be used for flushing and bubbling. Measurements were repeated
at least six times (should be 8 successful drops or 6 only if the error is below 1%) to
achieve statistically reliable data. The real composition based on EDX measurements
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were used for all calculations. The calorimeter was calibrated using the heat content of αalumina.
1.3.3. In situ and ex situ irradiation
In situ ion irradiation experiments were performed at Argonne National
Laboratory (ANL) in the IVEM at room temperature (~27 °C), 100 °C, 200 °C, and
300 °C using 500 keV Kr2+ ions, resulting in an effective energy of 1 MeV. The IVEM
lab at the ANL has a Tandem ion accelerator attached to a Hitachi H-9000NAR
microscope with a double-tilt stage (±30°) operating at 300 kV. Selected-area electron
diffraction (SAED) patterns were recorded before irradiation and periodically during
irradiation until full amorphization was reached. The electron beam was turned off during
ion irradiation to avoid concurrent election irradiation damage. Due to the equipment
setup the ion beam was angled at 15° to the sample’s normal vector. After each
irradiation step of 5x1013 Kr/cm2 the SAED patterns were realigned along the zone axis
and imaged.
Ex situ ion irradiation experiments were performed at room temperature at the Ion
Beam Materials laboratory (IBML) at Los Alamos National Laboratory (LANL) using
200 kV Danfysik high current research ion implanter. Kr2+ ions were accelerated to an
effective ion voltage of 400 keV. Four compositions, Cs024, Cs067, Cs100, and Cs133
were compared after a dose of 1 x 1014 or 5 x 1014 Kr/cm2 to determine the heavy ion
irradiation effects. The samples were characterized by grazing incidence X-ray
diffraction (GIXRD) and TEM. GIXRD measurements were made by Bruker AXS D8
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Advanced X-ray diffractometer with Cu Kα radiation. The 2θ angle was variable while a
0.5° angle of incidence (aoi) to the sample was fixed. The scan range was from 10-80°
with a step size of 0.02° and a step rate two seconds per degree. The x-ray penetration
depth1 for a 45 keV Cu anode at 0.5° aoi was less than 50 nm which is significantly less
than Kr range of ~250 nm.7 A comparison XRD measurement with an aoi of 0.25° was
also performed. The results were not significantly different therefore and aoi of 0.5° was
used. The ex situ irradiated samples were also prepared for cross-sectional TEM analysis
using the focused-ion beam (FIB) in situ lift out method. The radiation induced
microstructure was examined by Hitachi H-9000 TEM operating at 300 kV. The percent
of amorphization was determined by the dividing the total area under the amorphous
peak, which is the broad hump from 24-32°, by the total area (crystalline + amorphous
peaks) of the spectra 82, 83.
In order to quantify the effects of irradiation GIXRD, TEM images, and SAED
patterns were taken before and after irradiation. The irradiated and non-irradiated regions
were characterized to determine the depth and extent of amorphization.
1.3.4. Grazing incidence X-ray diffraction
GIXRD has extensively been utilized for the investigation of waste form materials
7, 67

. Specifically, it is highly suitable for the examination of surface layer radiation

damage, such as details of a crystalline to amorphous structural transition and residual

The penetration depth was calculated from the linear absorption coefficient, μ, that was
calculated by using the mass attenuation coefficients, μ/ρ, from each element in the compound
1
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amorphous content. The penetration depth for a Bruker GIXRD (LANL) using 45 keV
Cu anode is between 32 and 81 nm for incidence angles of 0.25° and 0.5° in
(Ba,Cs)1.33(Zn,Ti)8O16. The penetration depth was calculated based on equations from
Cullity’s book, Elements of X-ray Diffraction, and the linear absorption coefficient, μ,
that was calculated by using the mass attenuation coefficients, μ/ρ, from each element in
the measured compound 84, 85. These X-ray penetration depths are sufficiently less than
Kr2+ ion penetration as predicted by Stopping and Range of Ions in Matter (SRIM)
modeling results (~250 nm) 86.
1.3.5. Leaching techniques
Two methods were used for quantifying elemental release: (1) the ASTM C 1285
product consistency test (PCT) which uses particles and (2) the ASTM C 1220 leach test,
which uses a monolithic specimen 76, 77. For the ASTM C 1285 tests, the PCT-A
procedure was followed. Each composition was measured in triplicate using ~1.5 g of
washed and sieved (- 100/+ 200 mesh) powder in ~ 15 mL of de-ionized water. For the
ASTM C 1220 tests, each composition was measured in duplicate using monolithic
samples approximately 8 mm x 8 mm x 2 mm in de-ionized water (~ 15 mL) to maintain
a constant surface area to volume (S/V) ratio of 13 mm2/mL between all samples. In
addition to the samples, two blanks and a standard reference material referred to as the
approved reference material (ARM) was prepared in triplicate for the PCT testing. All
samples and standards were loaded into sealed stainless steel pressure vessels, sealed
with threaded enclosures, and heated at ~90 °C for ~7 days. Subsequently, the vessels
were cooled and the leachates were filtered, acidified, and measured for elemental
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composition using inductively coupled plasma mass spectrometry (ICP-MS). The
concentration of elements in the leachates were compared to the elemental concentrations
in the un-leached samples that were measured using EDX to obtain a fraction loss for
each element. ICP-MS was performed to confirm EDX compositional analysis and the
compositions stoichiometries were charge balanced via Equation 7. Both the geometric
surface area and BET were used to measure surface area and correct for surface porosity
to obtain a normalized release rate for each composition.
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CHAPTER TWO
STRUCTURE AND STABILITY
STRUCTURE AND STABILITY
2.1. Introduction
Controlling the structure and symmetry of hollandite is important when planning
compositions for inclusion in the SYNROC multi-phase assemblage. As hollandite will
be exposed to extreme heat, radiation, and water, hollandite’s stability is important to
consider. Additionally, as Cs137 undergoes its decay cycles and transforms into Ba137 the
structure must maintain its stability and radioisotope retention. A number of papers have
been published with trivalent B-site dopants such as Al, Ga, and Cr as well as multivalent
dopants such as Fe+2/+3 but little work has been published with divalent cations such as
Zn+2 17, 23. Studying the Zn compositions will provide an opportunity to study the effects
of Zn, which is a minor component of the waste stream and has a larger ionic radius and
lower valence than most other dopants for the hollandite system. Identifying the
differences between di- and trivalent dopants will also help develop a better
understanding of multivalent cation dopants.
The Post plot as seen in Fig. 1 is a useful tool for comparing compositions as it
simplifies the relationship between the composition and symmetry. One weakness of the
Post plot is that it does not account for the occupancy or cation interactions. As
mentioned previously, how the hollandite structure responds to high levels of Cs doping
is useful for optimizing waste form compositions and long term planning. One study
using Ga,Ti hollandite investigated the full compositional range from pure Ba to pure Cs
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to study the stability effect of Cs doping with all the samples having tetragonal symmetry
17

. In light of these studies a series of experiments were planned to probe the monoclinic-

tetragonal boundary of the post plot using different A and B-site dopants as well as a
series of Cs doped Zn,Ti hollandite to investigate the effect a large divalent cation has on
the hollandite structure. The B-site dopants where chosen so that the as Cs substituted for
Ba the composition would cross the T/M transition. Additionally, the B-site dopants are
expected components of the waste stream, thereby making hollandite a more efficient
hierarchical storage media.
2.2. Experimental Procedure
The phase formation and structural details of several different hollandite
compositions were studied. The processing conditions varied between compositions and
are given in their respective sections. First, the effect of different B-site dopants was
studied by replacing the B-site of hollandite with Cr,Sn, Zn,Zr, In,Ti, and Ga,Ti. Second,
the stability of hollandite over a range of A-site occupancies was studied for Zn,Tihollandite using the general formula (BaxCsy)1.00-2.00Zn1.00Ti7.00O16 where x was 1.00,
0.75, 0.67 0.5, 0.33, 0.25, and 0.00 with y as 0.00, 0.50, 0.67, 1.00, 1.33, 1.50, and 2.00
with respect to x. Finally, the symmetry transition and structure of hollandite was studied
at constant A-site occupancy with the general formula (BaxCsy)1.33ZnzTi8-zO16 hollandite
(z=x+2y). All samples were prepared by solid state reactions in air. The structure of each
composition was quantified by XRD.
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2.3. Results and Discussion
The processing conditions vary between the different compositions and therefore
are given in their respective sections.
2.3.1. Hollandite with different B-site dopants: Cr, Ga, In, Sn, Ti, Zn, and Zr
With the goal of more fully understanding the tetragonal/monoclinic transition, as
well as developing a hierarchical hollandite composition, different B-site combinations
were chosen, so that the tolerance factor, tH, for predicting hollandite formation was close
to one. In Table 2.1, the compositions containing Zn,Zr with the general form
BaxCsyNx+y/2M8-x-y/2O16 (x =0, 0.7, and 1.4 and y=1.4-x), Cr,Sn with the general form
BaxCsyN2x+yM8-2x-yO16 (x =0, 0.7, and 1.4 and y=1.4-x), and In,Ti and Ga,Ti with the
general form BaxCsyN2x+yM8-2x-yO16 (x =0, 0.67, and 1.33 and y=1.33-x) are given. In
Figure 2.1, these compositions are plotted with respect to the Post and Zhang symmetry
equations. For the compositions containing Zn,Zr, the Ba end member was expected to
form with monoclinic symmetry, while the Cs-containing compositions were expected to
form with tetragonal symmetry. Unfortunately, neither the Cr,Sn or the Zn,Zr
compositions formed hollandite. The In,Ti did form hollandite, and the amount of
hollandite increased with Cs content. This was likely due to the larger size of the In
cation, as compared to Ga, requiring sufficient filling of the tunnel to stabilize the
hollandite structure.
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Figure 2.1: The different B-site dopant compositions with Cr,Sn as triangles, Zn,Zr as
squares, In,Ti as circles, and Ga,Ti as empty squares. All samples that formed hollandite
had tetragonal symmetry
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Table 2.1: B-site dopant series of Cr,Sn, Zn,Zr, In,Ti, and Ga,Ti hollandite with primary
and secondary phases. Most of these compositions did not form hollandite even though
the tolerance factor, tH, was close to one
Target Composition
Ba1.40Cr2.80Sn5.20O16
Ba1.20Cs0.20Cr2.60Sn5.40O16
Ba0.70Cs0.70Cr2.10Sn5.90O16
Cs1.40Cr1.40Sn6.60O16
Ba1.40Zn1.40Zr6.60O16
Ba1.20Cs0.20Zn1.30Zr6.95O16
Ba0.70Cs0.70Zn1.05Zr6.95O16
Cs1.40Zn0.70Zr7.30O16
Ba1.33In2.66Ti5.34O16
Ba0.67Cs0.67In2.00Ti6.00O16
Cs1.33In1.33Ti6.66O16
Ba1.33Ga2.66Ti5.34O16
Ba0.67Cs0.67Ga2.00Ti6.00O16
Cs1.33Ga1.33Ti6.66O16

Primary Phase
SnO2
SnO2
SnO2
SnO2
ZrO2
ZrO2
ZrO2
ZrO2
BaTi4O9
Hollandite
Hollandite
Hollandite
Hollandite
Hollandite

Secondary Phases
BaCrO4
BaCrO4
BaCrO4
-BaZrO3 and ZnO
BaZrO3 and ZnO
BaZrO3 and ZnO
ZnO
In2TiO5
In2TiO5 and BaTi4O9
In2TiO5
----

2.3.2. Cr,Sn and Zn,Zr hollandite
Eight compositions were prepared. Four Cr,Sn compositions Ba1.40Cr2.80Sn5.20O16,
Ba1.20Cs0.20Cr2.60Sn5.40O16, Ba0.70Cs0.70Cr2.10Sn5.90O16, and Cs1.40Cr1.40Sn6.60O16 and four
Zn,Zr compositions Ba1.40Zn1.40Zr6.60O16, Ba1.20Cs0.20Zn1.30Zr6.95O16,
Ba0.70Cs0.70Zn1.05Zr6.95O16, and Cs1.40Zn0.70Zr7.30O16. The XRD patterns after calcination at
1225°C for 10 hours are given in Figure 2.2 and Figure 2.3, a second set of samples
calcined at 1300 °C resulted in identical patterns. According to the XRD spectra only
BaCrO4 and SnO2 formed from the Cr,Sn calcined powder and only BaZrO4, ZrO2, and
ZnO formed from the Zn,Zr calcined powder. There was no measurable hollandite pattern
from either series of samples even though the structural factors, tH and rB/rA, were well
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within the typical tolerance ranges. For tH, Cr,Sn ranged from 0.96 to 1.10 while Zn,Zr
ranged from 0.95 to 1.12 and for rB/rA, Cr,Sn ranged from 0.47 to 0.39 while Zn,Zr
ranged from 0.51 to 0.41.
The absence of hollandite formation is likely due to the resulting non-hollandite
phases being more thermodynamically favorable. Ba1.4Cr2.8Sn5.2O16 has been reported in
literature as being prepared via the solid state route from carbonates and oxides with a
calcination at 1250 °C, 1300 °C or 1450 °C for 24 hours. However, similar processing
performed in this current study at both 1225 °C and 1300 °C were unable to reproduce
those results 41, 42, 87. For the Zn,Zr compositions the rather large cation size of Zn and Zr
would make it difficult to stabilize the tunnel structure, though based on the atomic radii
and Post/Zhang equations hollandite should be allowed to form. Cs loss compounds the
issue of stabilizing the tunnel for compositions containing Cs. Additionally, Zr has a
fairly high melting point. A higher calcination temperature such as 1600 °C might have
overcome the large cation sizes and readily forming non-hollandite phases and allowed
hollandite formation.
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Figure 2.2: The Cr,Sn series shown in this figure formed only SnO (*) and BaCrO4 (^)

Figure 2.3: The Zn,Zr series shown in this figure formed only ZnO (*) and BaZrO3 (^)
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2.3.3. In,Ti-hollandite
Three samples of In,Ti hollandite were prepared, Ba1.33In2.66Ti5.34O16,
Ba0.67Cs0.67In2.00Ti6.00O16, and Cs1.33In1.33Ti6.66O16. The XRD patterns after calcination at
1225 °C are given in Figure 2.4. According to the XRD spectra hollandite as well as
BaTi4O9 and In2TiO5 were favorable to form. The amount of hollandite phase increased
as the Cs content increased. Even though the tH values ranged from 0.95 to 1.12 which is
well within the typical tolerance range and the rB/rA ranged from 0.47 to 0.37 the lack of a
hollandite structure at low Cs content suggests that higher occupancy or large A-site
cations are needed to stabilize the tunnel structure.
2.3.4. Ga,Ti-hollandite
Three samples were prepared, Ba1.33Ga2.66Ti5.34O16, Ba0.67Cs0.67Ga2.00Ti6.00O16,
and Cs1.33Ga1.33Ti6.67O16. The XRD patterns after calcination at 1225 °C are given in
Figure 2.5. According to the XRD spectra these compositions all formed hollandite with
no secondary phases which agrees with the previous work on the Ga,Ti composition 17.
As predicted by the tH values ranging from 0.99 to 1.14 and the Post rB/rA from 0.43 to
0.35 all three compositions formed tetragonal hollandite. The Ba end member also
formed with tetragonal symmetry while falling within the undetermined zone of the Post
plot.
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Figure 2.4: InTi series shown in this figure did contain hollandite (H) with a minor phase
of InTiO5 (*) and BaTiO9 (^) when Ba was present

Figure 2.5: GaTi series shown in this figure formed tetragonal hollandite with no
secondary phases
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2.3.5. Variable A-site occupancy Zn,Ti compositions
A series of samples in which Ba was incrementally replaced with Cs to determine
the A-site occupancy limits for Zn-hollandite, how the A-site occupancy affects the
hollandite formation, structure, and upper limit for Cs substitution in Zn-hollandite. The
general formula of these samples was (BaxCsy)1.00-2.00Zn1.00Ti7.00O16 where x was 1.00,
0.75, 0.67 0.5, 0.33, 0.25, and 0.00 with y as 0.00, 0.50, 0.67, 1.00, 1.33, 1.50, and 2.00
with respect to x. This series of samples maintained its charge balance by increasing the
occupancy of the A-site with Cs doping. The sample list is given in Table 2.2 along with
the XRD spectra for these samples in Figure 2.6. The Ba end member of this series
formed monoclinic hollandite with a secondary Ba titanate phase. All the EDX
compositions were rich in Ba and poor in Cs, which is probably caused by Cs loss during
processing. As there was less Cs to form hollandite more Ba was used to stabilize the
structure. Less available Ba also explains the formation of rutile as there would be excess
Ti after the Cs losses due to processing.
Table 2.2: Samples with variable A-site occupancy and constant B-site ratio, 1 Zn: 7 Ti
Target Composition

EDX Composition

Presence Secondary Phases

Ba1.00Zn1.00Ti7.00O16

N/A

Ba titanate

Ba0.75Cs0.50Zn1.00Ti7.00O16

Ba1.03Cs0.53Zn0.71Ti7.00O16 TiO2

Ba0.67Cs0.67Zn1.00Ti7.00O16

Ba0.70Cs0.57Zn1.01Ti7.00O16 TiO2

Ba0.50Cs1.00Zn1.00Ti7.00O16

Ba0.60Cs0.87Zn0.97Ti7.00O16 TiO2

Ba0.333Cs1.33Zn1.00Ti7.00O16 N/A

TiO2

Ba0.25Cs1.50Zn1.00Ti7.00O16

Ba0.32Cs1.43Zn0.96Ti7.00O16 Cs Titanate + TiO2

Cs2.00Zn1.00Ti7.00O16

N/A

Cs Titanate + TiO2
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Figure 2.6. contains the XRD spectra and shows an optimal range of occupancy
between 67% and 83% occupancy where no secondary phases formed. At high levels of
Cs doping, a non-hollandite Cs-titanate phase emerged which is undesirable for waste
form applications. Near the Ba end member a Ba titanate phase emerged in addition to
the monoclinic hollandite phase. The monoclinic shift in symmetry was a result of tunnel
distortion due to the smaller Ba cations not sufficiently supporting the tunnel.
Additionally, tunnel ordering can be seen by the broad peak near 26.5°. Tunnel ordering,
also called superlattice ordering, occurs when the Ba atoms and vacancies form a
repeating pattern in the tunnels 39, 41, 42, 44, 88. Tunnel ordering is the result from the
distribution of tunnel cations that is necessary to reduce lattice strain. The Ba cations
have a large enough electronic effect to interact with neighboring tunnels forming three
dimensional ordering throughout the structure. A contributing factor to ordering is the
displacement of Ba cations towards the unoccupied tunnel sites, this in conjunction with
the larger unit cell, due to Zn doping, leads to the tunnel distorting into the monoclinic
symmetry.
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Figure 2.6: XRD patterns of BaxCsyZn1.0Ti7.0O16 synthesized by oxide route with Cs =
0.00, 0.50, 0.67, 1.00, 1.33, 1.50, and 2.00. * denotes rutile (TiO2), + denotes tunnel
ordering and ◊ denotes a parasitic Cs-phase
In some other compositions of hollandite, such as Fe-hollandite, a 50% Ba
occupied A-site will form a tetragonal Ba hollandite 35. However, Ba,Zn,Ti hollandite
does not form with a tetragonal symmetry most likely due to the larger tunnel size caused
by Zn B-site doping. With Cs substitution, as in Ba0.75Cs0.50Zn1Ti7O16, the tetragonal
symmetry can be stabilized. The tetragonal symmetry was probably a result of the Cs
interrupting the tunnel periodicity and having less displacement off its lattice site which
would prevent the tunnel deformation.
Tunnel ordering or the superlattice ordering has two parts, intra-tunnel and
inter-tunnel. In both cases the higher charge density from the divalent Ba2+, compared to

45

the Cs1+, allows for more interaction between Ba tunnel sites 41. The lack of noticeable
ordering in the XRD patterns for Cs containing hollandite was likely due to less tunnel
cation displacement.
2.3.6. Constant A-site occupancy compositions
One difficulty when analyzing the variable A-site occupancy series was parsing
the effects due to Cs substitution and the effects due to tunnel occupancy. To eliminate
the occupancy effects, a series with the general formula, (BaxCsy)1.33ZnzTi8-zO16
hollandite (z=x+y/2), was developed specifically to study the Cs doping effects at a
constant A-site occupancy. From the previous series, an A-site occupancy range from
63% to 83% readily formed hollandite with no secondary phases, which was in
agreement with the existing knowledge for stability ranges. A compositional range was
designed to avoid A-site occupancy effects, therefore the occupancy was held constant at
67% to allow for comparisons with published data in similar systems 23, 32, 40. The 67%
occupancy was selected to create solid solutions with integer values of A-site dopants for
a limited supercell, which was amenable to DFT modeling performed in other work 9, 40,
89

. The list of samples is given in Table 2.3 with the target and real stoichiometries, as

determined by EDX, and the lattice constants based on fitting the XRD spectra with the
FullProf program. The compositions of a few select samples were also measured by ICPMS which agreed well with the EDX measurements. Five compositions, abbreviated as,
Ba133, Cs029, Cs067, Cs100, and Cs133 were prepared to test the range of hollandite
stability with corresponding variations in Zn/Ti ratio, in order to charge balance the
structure.
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Ba0.000Cs1.268Zn0.700Ti7.333O16

Ba0.311Cs0.941Zn0.887Ti7.166O16

Ba0.333Cs1.000Zn0.834Ti7.166O16

Cs1.333Zn0.667Ti7.333O16

Ba0.672Cs0.581Zn1.037Ti7.000O16

Ba1.057Cs0.210Zn1.210Ti6.814O16

Ba1.306Cs0.000Zn1.360Ti6.667O16

EDX Composition

Ba0.667Cs0.667Zn1.000Ti7.000O16

Ba1.040Cs0.293Zn1.187Ti6.814O16

Ba1.333Zn1.333Ti6.667O16

Target Composition

Ba0.025Cs1.199Zn0.709Ti7.333O16

--

Ba0.694Cs0.559Zn1.026Ti7.00O16

Ba1.077Cs0.196Zn1.200Ti6.814O16

--

ICP-MS

Cs133

Cs100

Cs067

Cs029

Ba133

Acronym

10.254;
2.962

10.220;
2.969

10.187;
2.971

10.133;
2.979

a; (b); c
10.175;
(10.077);
2.970

Lattice
Constants

Table 2.3: Target, EDX and ICP-MS compositions for 67% occupancy A-site
compositions with lattice constants determined by FullProf refinement

The XRD patterns of the synthesized hollandite samples are given in Figure 2.7.
All compositions were identified as I4/m (tetragonal) hollandite and found in strong
agreement with published powder diffraction data for Ba0.41Cs0.82Ti8O16 (PDF# 0802264), except for the pure Ba composition (Ba133), which was I2/m (monoclinic) and
agreed well with Ba1.31Ti8O16 (PDF# 080-0910) 90.

Figure 2.7: XRD patterns of BaxCsyZn2x-yTi8-2x+yO16 synthesized by oxide route
with Cs = 0.24, 0.67, 1.00, 1.33. * denotes rutile (TiO2) and + denotes tunnel ordering
Overall, the spectra indicates that the samples were single phase and hollandite.
Compared to the variable A-site series in Figure 2.6, there are no Cs-titanate phases, and
the higher angle peaks are sharper and more defined. Similar to the previous series, there
are still rutile peaks at about 27.3°, and only the Ba end member indicated superlattice
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ordering by the broad peak at 26.5°. The minor amount of rutile in the otherwise single
phase hollandite likely resulted from excess Ti due to Cs volatilization 6. Finally, the
Ba133 composition still had monoclinic symmetry as identified by the split peaks at 17°,
25°, 28°, and 47°C. The XRD patterns exhibited a shift in the primary hollandite peak
near 28° as a function of composition, which can be more easily seen in the inset of
Figure 2.7. The primary peak shifted toward lower 2θ, with increasing Cs content, which
indicates an increased unit cell volume. The peak shift can also be seen in the constant Bsite series. However, it is more evident and straightforward in this constant A-site
occupancy series due to identical A-site occupancy within the series.
When Cs was added, the average A-site radii increased, causing expansion, while
the average B-site radii decreased, causing contraction. Therefore, the observed volume
expansion was attributed to Cs doping due to the differences in the A-site cation size of
Cs (rCs = 1.74 Å) versus Ba (rBa = 1.42 Å). Structural data showed the volume expansion
increased linearly with the average A-site radius indicating this effect was due to tunnel
expansion rather than B-site octahedral expansion.
Figure 2.8 compares the a and c lattice parameters as a function of Cs
concentration and shows that the tunnel cross-section expansion is an order of magnitude
greater than the tunnel length expansion. The measured trend of a and c lattice expansion
agrees with the calculated trend from Equations 4 and 5. The differences which do exist
between the experimental and model predictions could be due to partial occupancy of the
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current samples ranging from 62 to 65%. Model predictions outlined in Equations 4 and 5
assume full tunnel occupancy with a tetragonal structure 31.
The decrease observed in the c lattice parameter with increased Cs content was
attributed to the reduction in the average B-site cation radius (Ti4+ replaces Zn2+ as Cs
content increases). After fully substituting Cs on the tunnel sites, the lattice expanded
1.2% along the a-axis and contracted 0.6% along the c-axis, resulting in a total volume
expansion of 1.8%. The unit cell deformation results agree with previously reported
trends in a Ga hollandite system 23, 31, 91.
Figure 2.9 incorporates the occupancy effect into the Post plot. The figure
illustrates how the Zhang tetragonal/undetermined boundary, Equations 2 and 3,
separates the monoclinic and tetragonal samples. The factors necessary to form
monoclinic symmetry are little or no Cs, a high rB/rA value, and low occupancy. It has
already been shown in literature that beyond about Ba=1.22 secondary phases start to
form so increasing the pure Ba occupancy does not stabilize the tetragonal symmetry 39.
This is partly due to the Zn substitutions increasing linearly with Ba substitutions. By
maintaining the charge balance the large Zn cations and lower occupancy likely prevent
the tetragonal symmetry.
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Figure 2.8: Lattice constants dependence on Cs stoichiometry. The vertical dashed line at
Cs 0.29 denotes the approximate monoclinic to tetragonal boundary
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Figure 2.9: Experimental data is projected onto xz-plane giving the Post plot. Occupancy
is plotted along the y-axis. Black are tetragonal, red are monoclinic. The red plane
indicated by dashed lines is the Zhang tetragonal/undetermined boundary
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In addition to confirming the lattice expansion trends for Zn-doped hollandite
seen in Figure 2.8, the current work demonstrates how composition can control the
symmetry. The tetragonal symmetry can be stabilized with Cs doping regardless of the
occupancy change; though the addition of Cs can allow for increases of occupancy up to
88%. The impact of hollandite symmetry on thermodynamic stability, radiation tolerance,
and leaching behavior are detailed in Chapters 3, 4, and 5, respectively.
SEM micrographs of hollandites microstructure and secondary phases are given in
Figure 2.10. A minor TiO2 formation, identified by XRD and EDX, and increased grain
size were observed with increasing Cs content. No rutile was observed by SEM (or
measured by XRD) in Cs029, whereas the rutile content increased to 1 and 4 wt% for
Cs067 and Cs133, determined visually from multiple SEM micrographs. TEM selected
area electron diffraction patterns (SAED) were collected to confirm monoclinic
symmetry in the Ba133 composition and tetragonal symmetry in the Cs029, Cs067 and
Cs133 compositions as observed in XRD. Overall, these results indicate a trend that
increasing Cs content results in the stabilization of the tetragonal symmetry and an
expansion of the unit cell. Stabilization of the tetragonal symmetry occurred below
Cs029, with 67% occupancy, for the Zn-doped hollandite.
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Figure 2.10: SEM of unpolished hollandite grains (a) Ba133 (b) Cs029 (c) Cs067 (d)
Cs133. The dark grains are TiO2, as indicated by EDX, and the light grains are the
hollandite. The TEM patterns for Ba133. Cs029, Cs067, and Cs133 were along the [100],
[100], [100], and [111] zone axes respectively
In summary, the stability and symmetry of hollandite was dependent on both size and
valence of the cations, as shown by the Post and Zhang theories, as well as the tunnel
occupancy. Cs doping was shown to stabilize the tetragonal symmetry for all
compositions and encourage hollandite formation as seen in the In,Ti system. In the Zn,Ti
system an optimal stability range of 67% and 83% A-site occupancy was determined for
tetragonal symmetry with the Cs content determining the symmetry. The A-site
composition and occupancy were shown to be the determining factors for hollandite
stability and structure with hollandite being shown to be stable for a full range of Cs
doping at certain occupancies. Tetragonal symmetry is expected to have an increasing

54

effect of symmetry on radiation tolerance and calorimetry stability as tetragonal
symmetry is formed at higher occupancy. Finally, the introduction of excess Cs allowed
for the formation of hollandite samples with target stoichiometry and no secondary
phases.
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CHAPTER THREE
CESIUM LOSS, MELTING POINT AND FORMATION ENTHALPY
CESIUM LOSS, MELTING POINT AND FORMATION ENTHALPY
3.1. Introduction
Cs loss upon volatilization is a known phenomenon when processing
hollandite at high temperatures; however, it has not been well quantified for hollandite
materials 17, 20, 27, 92. The effect of targeted Cs stoichiometry on Cs retention during high
temperature processing is of practical and theoretical interest. Additionally, scalable
processing techniques, such as melting and crystallization require knowledge of the
compositionally dependent melting points of candidate materials. To date, there have
been limited studies on the melting point of Ba-hollandite. Some studies have
investigated the B-site dopant effect on melting point, as well as the effluent gas
composition and crystallization temperature 23, 48, 49. The melting point data from the
studies listed in Table 1.2 show that the melting point depends primarily on the B-site
cations in the compositional ranges studied. Samples by Carter et al. were melt processed
and contained less than 65% hollandite with melting points that were 100-200°C lower
than 49. In work by Costa et al. precursor powders formed single phase hollandite with
melting data close to values published by Aubin et al. 23, 48, 49. Additionally, the impact Cs
doping has on the enthalpy of formation will be investigated further complimenting a
previous calorimetry study on hollandite, which used Ga3+, that showed increasing the Cs
content allowed for decreased formation enthalpy and thereby more favorable hollandite
formation 30. Understanding how the thermodynamic properties of hollandite structure
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respond to Cs doping and different B-site dopants is important for developing methods
for efficient large scale processing techniques.
3.2. Experimental procedure
Fourteen compositions were used for the thermodynamic experiments
described in this chapter and are listed in Table 3.1. The TGA samples were prepared by
solid state route and calcined for 10 h at 1200 °C. Calcined powders were pressed into
pellets and sintered at 1250 °C for 3 h. All other samples were calcined for 10 h at
1225 °C. The powders were prepared by solid state route and calcined twice at 1225 °C
for 10 h. Calcined powders were pressed into pellets and sintered at 1300 °C for 1 h.
Table 3.1: Target stoichiometry of compositions used for TGA, DSC, ATR, and
calorimetry measurements
Experiment
TGA
TGA
TGA
TGA
TGA
ATR, DSC, Cal
ATR, DSC
ATR, DSC, Cal
ATR, DSC
ATR, DSC, TGA
Cal
Cal
Cal
Cal

Acronym

Target Composition

Ba116
Ba075Cs050
Ba067Cs067
Ba050Cs100
Ba033Cs133
Ba133
Cs029
Cs067
Cs100
Cs133
Cs015
Cs029-Ex
Cs043
Cs133-Ex

Ba1.16Zn1.16Ti6.84O16
Ba0.75Cs0.50Zn1.00Ti7.00O16
Ba0.667Cs0.667Zn1.000Ti7.000O16
Ba0.50Cs1.00Zn1.00Ti7.00O16
Ba0.33Cs1.33Zn1.00Ti7.00O16
Ba1.333Zn1.333Ti6.667O16
Ba1.040Cs0.293Zn1.187Ti6.814O16
Ba0.667Cs0.667Zn1.000Ti7.000O16
Ba0.333Cs1.000Zn0.834Ti7.166O16
Cs1.333Zn0.667Ti7.333O16
Ba1.18Cs0.153Zn1.257Ti6.743O16
Ba1.040Cs0.293Zn1.187Ti6.814O16
Ba0.90Cs0.43Zn1.117Ti6.883O16
Cs1.333Zn0.667Ti7.333O16
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Two series containing 7 at% and 15 at% extra cesium were prepared for the
excess Cs compositions. The powders were prepared by solid state route. The powder
was calcined twice at 1225 °C for 10 h. The calcined powders were ball milled and
pressed into pellets then sintered at 1300 °C for 1 h. The samples were analyzed by XRD
and SEM-EDX.
3.3. Discussion
3.3.1. Thermogravimetric Analysis
Six samples were studied for the TGA experiment to determine the order of
precursor decomposition and quantify the amount of Cs lost during processing. From
these samples three samples, Ba116, Ba067Cs067, and Cs133 selected for Figure 3.1.
There should be no significant difference between Ba116 and Ba133 as both form the
same structure and neither contain Cs. There are four distinct temperature zones in which
weight loss occurred as shown in Figure 3.1. The first zone from 0-300 °C was associated
with desorption of water and CO2 34. The second zone near 550 °C was attributed to the
decomposition of Cs2CO3 to Cs2O. The third zone starting at 800 °C can be attributed to
the loss of carbonate from the BaCO3 precursor. As a reference for this analysis, pure Ba
compositions exhibited no mass loss in the second zone, while the pure Cs compositions
exhibited no mass loss across the third zone. The fourth zone at 1250 °C, the sintering
temperature, exhibited mass loss attributed to Cs volatization. Cs2O has the lowest
decomposition temperature and SEM-EDX elemental analysis indicated Cs exhibited the
greatest deviation from target stoichiometry. Mass loss for each step was more significant
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for compositions with more of that given precursor for example the Ba end member
exhibited nearly (double) the mass loss as the Ba067Cs067 composition.

Figure 3.1: TGA scan of ZnTi hollandite from 20°C to 1250°C weight loss from each
zone was attributed to a different process, Zone 1: H2O evaporation, Zone 2: Cs2CO3
decomposition and Zone 3: BaCO3 decomposition
The decomposition reactions for each temperature regime seen in TGA were
confirmed by ATR-FTIR. Results from the FTIR characterization revealed significant
differences between the three samples Ba133, Cs067, and Cs133 after 350, 650, and
800 °C heat treatments. The primary feature used to identify structural changes were the
Cs2CO3 major peak at 1334 cm-1 and minor peak at 1440 cm-1. The relative intensity of
BaCO3 peaks where also used however the TiO2 peaks overlapped with the BaCO3 peak
at 1421 cm-1 and all the ZnO vibrational modes were below the measured range. After the
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350 °C heat treatment a significant difference in peak intensity was observed for the
BaCO3 and Cs2CO3 peaks as seen in Figure 3.2 (a). Figure 3.2 (c) displays the spectra at
800 °C, indicating the Cs2CO3 fully decomposed as the vibrations associated with BaCO3
remained in the spectra. All the precursors were reacted at temperatures in excess of
1050°C as seen in Figure 3.2 (d). The remaining peaks were associated with hollandite
vibrational modes below 800 cm-1. The comparison of the 350, 800, and 1050 °C data
showed that Cs2CO3 was more reactive than BaCO3 since it decomposed at a lower
temperature and confirms Cs2CO3 as the first carbonate precursor to decompose during
the TGA experiment.

Figure 3.2: Each image is a collection of FTIR scans after a different calcination
temperature (a) 350 °C (b) 650 °C (c) 800 °C (d) 1050 °C. The TiO2 peaks overlap with
the BaCO3 peak at 1421 cm-1 while the Cs2CO3 has a major peak at 1334 cm-1 and a
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minor peak at 1440 cm-1. ZnO vibration modes do not have peaks within the 1000 cm-1 to
1800 cm-1 range
Analysis of the isothermal hold at 1250°C indicated that mass loss increased with
increasing Cs content as shown in Figure 3.3. However, normalized Cs mass loss, defined
by dividing the Cs mass loss by the initial Cs mass in the sample calculated from material
stoichiometry exhibited a different trend. The normalized Cs mass loss decreased with
increasing initial Cs content. The decreased relative Cs mass loss indicates that hollandite
formation was more favorable with higher Cs content, and that the resulting structures
were more stable with regards to high temperature Cs loss. This conclusion agrees with
the XRD results indicating that the tetragonal phase stability increased with additional Cs
content and supports the hypothesis that increased rutile formation is due to higher
amounts of Cs evaporation.
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Figure 3.3: Cesium (Cs) mass loss and Normalized Cesium (Cs) mass loss as determined
from TGA experiments. Normalized Cs mass loss was calculated by dividing the total Cs
mass loss by the initial Cs mass in the sample determined by stoichiometry
The rate of mass loss, during the isothermal hold, increased with Cs content with
a linear trend. The mass loss was more directly dependent on the Cs content than Ba
content as the change in the rate of mass lost (%g/min) increased with a slope of 0.0031
with Cs stoichiometry increase. The Cs end member had the highest mass loss rate. At
this rate sintering for 28 hours at 1250° C results in a minor stoichiometric change from
1.333 to 1.332. All sintering performed for these studies lasted less than three hours
therefore sintering step had no significant effect on the stoichiometry change. It should be
noted that large scale melt processing, which it the most likely process to be used for
waste form manufacturing, would suffer little Cs loss due to the formation of a cold cap.
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3.3.2. Excess cesium compositions
The secondary rutile phase caused complications with the irradiation and leaching
experiments. Therefore, additional Cs was added in order to limit Cs loss as this was
thought to be the main cause for rutile formation. Therefore, two series of samples
containing 7% and 15% excess Cs were prepared in order to buffer the Cs loss during
processing and prevent rutile formation by creating a high partial pressure of Cs in the
crucible atmosphere thereby reducing the driving force for Cs loss. Samples containing
7% excess Cs still contained a minor amount of rutile as a secondary phase that was both
measurable by XRD and identified by SEM-EDX compositional analysis. In contrast,
samples prepared with 15% excess Cs contained less than 1% rutile which was not
measurable by XRD and only calculated from multiple SEM-EDX image analyses. The
XRD and SEM results are given in Figure 3.4 and Figure 3.5 and indicate 15% excess Cs
was sufficient to suppress rutile formation.
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Figure 3.4: XRD patterns of compositions containing 15% excess Cs prior to synthesis by
oxide route with Cs = 0.29, 0.67, 1.00, 1.33 and a hollandite reference pattern
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Figure 3.5: SEM of unpolished hollandite grains (a) Ba133 (b) Cs029 (c) Cs067 (d)
Cs133. There was no secondary phase
Additions of 15% excess Cs achieved the goal of reducing the presence of rutile.
Additionally, the real stoichiometry for the ExCs samples were also closer to the target
than those samples without excess Cs. These compositional results are given in Table 3.2.
The Cs stoichiometry deviation from target is illustrated in Figure 3.6 showing that all
compositions without excess Cs formed Cs poor while those with excess Cs formed
within 1.4% of the target. The incorporation of excess Cs to limit compositional Cs loss
was an effective method to prepared homogenous hollandite samples and reduce
deviation from the targeted stoichiometry.
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Table 3.2: Target, EDX and ICP-MS compositions for samples containing 15% excess Cs
to counteract Cs loss during processing
Acronym
Cs029-ExCs
Cs067-ExCs
Cs100-ExCs
Cs133-ExCs

EDX Composition
Ba0.492Cs1.011Zn1.180Ti6.814O16
Ba0.674Cs0.653Zn1.000Ti7.000O16
Ba0.338Cs0.998Zn0.831Ti7.167O16
Ba0.000Cs1.321Zn0.674Ti7.333O16

Target Composition
Ba1.040Cs0.293Zn1.187Ti6.814O16
Ba0.667Cs0.667Zn1.000Ti7.000O16
Ba0.333Cs1.000Zn0.834Ti7.166O16
Ba0.000Cs1.333Zn0.667Ti7.333O16

Figure 3.6: Deviation from target stoichiometry for compositions with excess Cs
(diamond) and those without excess Cs (circle)
3.3.3.

DSC

The DSC curve in Figure 3.7 reveal endothermic peaks near 550°C and 800°C which
agree with the TGA decomposition analysis. The melting point data, measured by DSC,
is summarized in Table 3.3. These results show that the melting point range for Znhollandite was below Cr-hollandite and similar to Al and Fe-hollandite. Additionally, the
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melting point was observed to decrease with increasing Cs content and average B-site
radii by about 80 °C, which is comparable to melting point changes between different Bsite systems 23, 48, 49. Melting point depressions has been previously associated with Cs
doping but not for full Cs substitution 23.

Figure 3.7: DSC curve identifying the Cs2CO3, BaCO3 decompositions and hollandite
melting point
It is important to note that there are a number of other factors that affect the melting
point therefore the average B-site radii is not a reliable predictor for melting point
changes. These factors should be considered as the melting point trend seems
counterintuitive when compared to the stability. Hollandite stability increases with Cs
content and, in general, one assumes the melting point of a more stable composition
should increase. However, the DSC data shows that the melting point decreases with
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increasing Cs content. This behavior is likely due to the formation enthalpy from the
oxides, specifically Cs2O which is highly unstable and wants to be incorporated, lowering
the melting point.
Table 3.3 Reported melting points for Zn,Ti hollandite calculated from onset of the
endothermic peak and ordered left to right from low to high by melting point
Composition / Melting Point (°C)
Cs133/1299°C

Cs100/1336°C

Cs067/1359°C

Cs029/1361°C

Ba133/1379°C

3.3.4. Calorimetry
Table 3.4 gives a summary of the measured enthalpies of drop solution (∆𝐻ds ) for
six different hollandites. Using these ∆𝐻ds values (shown in Table 3.4 and Figure 3.8)
and previous reported ∆𝐻ds and ∆𝐻f, el data for BaO, Cs2O, ZnO, and TiO2 (shown in
Table 3.5), enthalpies of formation for six hollandite phases from their constituent oxides
(∆𝐻f, ox ) and from elements (∆𝐻f, el ) were calculated via thermochemical cycles using the
real (EDX) composition. The thermochemical cycle for a general compound
BaxCsyZnx+y/2Ti8-x-y/2O16 is shown in Table 3.6. The obtained ∆𝐻f, ox and ∆𝐻f, el are also
listed in Table 3.4. As shown in Table 3.4 and Figure 3.9, the values of ∆𝐻f, ox of all six
hollandite compositions were strongly exothermic, indicating that they are
thermodynamically stable relative to their constituent oxides. Moreover, these values
become more negative (more exothermic) with increasing Cs content. This decreasing
trend agreed with the DFT modeling results for Zn hollandite 93.
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Table 3.4 Enthalpies of drop solution (∆𝐻ds ) in sodium molybdate solvent at 702 °C and
enthalpies of formation from component oxides (∆𝐻f, ox ) and from the elements (∆𝐻f, el )
of four hollandite phases at 25 °C*
Target Phase

ΔHds (kJ/mol)

Ba133
Cs015
Cs029 (ExCs)
Cs043
Cs067
Cs133 (ExCs)

370.54 ± 4.32 (8)
380.99 ± 7.67 (8)
399.66 ± 5.73 (8)
405.50 ± 6.97 (8)
422.44 ± 6.18 (6)
444.46 ± 3.66 (8)

ΔHf, ox (kJ/mol),
EDX
−179.84 ± 6.14
−171.26 ± 8.53
−200.95 ± 6.74
−191.58 ± 7.56
−202.07 ± 6.65
−219.39 ± 3.94

ΔHf, el (kJ/mol), EDX
−7665.98 ± 8.59
−7634.87 ± 10.36
−7671.60 ± 8.95
−7635.02 ± 9.52
−7642.37 ± 8.82
−7606.26 ± 7.12

*Uncertainty is two standard deviation of the mean and value in parentheses is the
number of experiments.
Table 3.5 Enthalpies of drop solution in sodium molybdate solvent at 702 °C (∆𝐻ds ) and
enthalpies of formation from the elements (∆𝐻f, el ) at 25 °C of related component binary
oxides
Oxide
BaO
Cs2O
ZnO
TiO2

ΔHds (kJ/mol)
-184.61 ± 3.212
-348.9 ± 1.73
19.4 ± 0.74
60.81 ± 0.115

ΔHf, el (kJ/mol)
-548.1 ± 2.16
-346.0 ± 1.26
-350.5 ± 0.36
-944.0 ± 0.86

Table 3.6 Thermochemical cycle for the general compound BaxCsyZnx+y/2Ti8-x-y/2O16 that
was used for calculation of enthalpies formation hollandite from constituent oxides
(∆𝐻f, ox ) and from the elements (∆𝐻f, el ) at 25 °C with correction based on EDX analyzed
compositions from Table 3.1
Enthalpy of formation of BaxCsyZnx+y/2Ti8‑x‑y/2O16 from the oxides at 25 °C (∆Hf,ox)
BaxCsyZnx+y/2Ti8‑x‑y/2O16(s,25°C)→xBaO(sln,702°C)+y/2Cs2O(sln,702°C)+x+y/2ZnO(sln,702°C)+8-2x-yTiO2(sln,702°C)
BaO (s,25°C)→BaO (sln,702°C)
Cs2O (s,25°C)→Cs2O (sln,702°C)
ZnO (s,25°C)→ZnO (sln,702°C)
TiO2 (s,25°C)→TiO2 (sln,702°C)
xBaO(s,25°C)+y/2Cs2O(s,25°C)+x+y/2ZnO(s,25°C)+8-2x-yTiO2(s,25°C)→BaxCsyZnx+y/2Ti8‑x‑y/2O16(s,25°C)
∆Hf,ox=∑∆Hi(i=1-4)-∆Hds
Enthalpy of formation of BaxCsyZnx+y/2Ti8-x-y/2O16 from the elements at 25 °C (∆Hf,el)
xBaO(s,25°C)+y/2Cs2O(s,25°C)+x+y/2ZnO(s,25°C)+8-2x-yTiO2(s,25°C)→BaxCsyZnx+y/2Ti8‑x‑y/2O16(s,25°C)
Ba (s,25°C)+1/2O2 (g,25°C)→BaO (s,25°C)
1/2Cs (s,25°C)+1/2O2 (g,25°C)→Cs2O (s,25°C)
Zn (s,25°C)+1/2O2 (g,25°C)→ZnO (s,25°C)
Ti (s,25°C)+1O2 (g,25°C)→TiO2 (s,25°C)
xBa(s,25°C)+yCs(s,25°C)+x+y/2Zn(s,25°C)+8-2x-yTi(s,25°C)+8O2(g,25°C)→BaxCsyZnx+y/2Ti8‑x‑y/2O16(s,25°C)
∆Hf,el=∆Hf,ox+∑∆Hi(i=5-8)
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∆Hds
∆H1
∆H2
∆H3
∆H4
∆Hf,ox

∆Hf,ox
∆H5
∆H6
∆H7
∆H8
∆Hf,el

Figure 3.8: Drop solution enthalpy, ΔHds, across the Zn hollandite compositional range
increased with increasing Cs content

Figure 3.9: Experimental enthalpies of formation and DFT calculated enthalpies versus
Cs stoichiometry from the component oxides at 25 °C (∆𝐻f, ox ) for Zn hollandite
decreased (formation became more favorable) with increasing Cs content 93
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Even though large exothermic formation enthalpies of six Zn-doped hollandites
indicate their strong thermodynamic stability relative to their binary constituent oxides,
one must consider their stability with respect to other competing phase assemblages,
including ternary constituent oxides, when evaluating the hollandite suitability as a
nuclear waste form 48. A potential phase assemblage may contain BaTiO3 (perovskite)
and other constituent oxides, which can be assessed by thermodynamics using the
following reactions (analyzed EDX stoichiometries are used as examples):48
Ba133

= 1.306 BaTiO3 + 1.36 ZnO + 5.361 TiO2

(1)

Cs015

= 1.10 BaTiO3 + 0.067 Cs2O + 1.347 ZnO + 5.643 TiO2

(2)

Cs029 (ExCs)

= 1.048 BaTiO3 + 0.13 Cs2O + 1.195 ZnO + 5.766 TiO2

(3)

Cs043

= 0.83 BaTiO3 + 0.2135 Cs2O + 1.190 ZnO + 6.053 TiO2

(4)

Cs067

= 0.672 BaTiO3 + 0.2905 Cs2O + 1.037 ZnO + 6.328 TiO2 (5)

Cs-Zn-O, Cs-Ti-O and Zn-Ti-O could theoretically form additional phases, but
they have not been reported in SYNROC. In addition, enthalpies of formation are not
available for many of these potential phases and will not be considered in the subsequent
analysis. The enthalpies of reaction (ΔHrxn) at standard conditions are calculated as
follows:30, 48
ΔHrxn, (Ba133-EDX) = 1.306 ΔHf,ox (BaTiO3) − ΔHf,ox (Ba133-EDX) = −19.07 ± 8.96 kJ/mol
ΔHrxn, (Cs015-EDX) = 1.10 ΔHf,ox (BaTiO3) − ΔHf,ox (Cs015-EDX) = 3.73 ± 10.20 kJ/mol
ΔHrxn, (Cs029 (ExCs)-EDX)= 1.048 ΔHf,ox (BaTiO3) − ΔHf,ox (Cs029 (ExCs)-EDX) = 41.34 ± 8.12 kJ/mol
ΔHrxn, (Cs043-EDX) = 0.83 ΔHf,ox (BaTiO3) − ΔHf,ox (Cs043-EDX) = 65.17 ± 7.44 kJ/mol
ΔHrxn, (Cs067-EDX) = 0.672 ΔHf,ox (BaTiO3) − ΔHf,ox (Cs067-EDX) = 99.72 ± 6.00 kJ/mol
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where ΔHf,ox values of hollandite are from Table 3.4, ΔHf,ox (BaTiO3) = −152.3 ± 4.0 kJ/mol.

The Cs end member was not calculated as it contains no Ba to form
BaTiO3.Therefore based on the ΔHrxn of five hollandites it can be concluded that Cs029
(ExCs), Cs043, and Cs067 are energetically stable at room temperature with respect to
BaTiO3, Cs2O, ZnO, and TiO2, as their ΔHrxn are endothermic. In contrast, Ba133 is not
stable with respect to BaTiO3, ZnO, and TiO2, as determined by the exothermic ΔHrxn.
Moreover, the stability of Cs015 was comparable to that of BaTiO3, ZnO, and TiO2,
because its reaction enthalpy was close to zero considering experimental uncertainties.
The thermochemical analysis further supports that increased Cs substitution stabilizes the
hollandite phase from the perspective of formation enthalpy of the targeted phase, as well
as from possible decomposition to other phases.
In summary, doping with Cs had a favorable effect on hollandite formation as
determined by the relationship between increasing Cs content and decreasing Cs loss
during processing, depression of the melting point, and lowering of the formation
enthalpy. Results from TGA and ATR-FTIR concluded that higher Cs content
compositions were more favorable to form and had less Cs loss. DSC experiments
showed that increasing the Cs content resulted in lowering hollandite’s melting point.
This would allow for lower cost melt processing by processing at a lower temperature
and the capability to control the melting point. The calorimetry experiments showed
that increasing Cs content led to more favorable hollandite formation as seen by the
more negative formation enthalpy. In sum, these results show that doping with Cs
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results in favorable formation energies, reduction of Cs via volatilization, and a lower
melting point all of which can be controlled by adjusting the Cs content.
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CHAPTER FOUR
IRRADIATION
IRRADIATION
4.1. Introduction
The radiation stability of hollandite has been previously studied by ionizing
electron, neutron, accelerated heavy ions, and alpha irradiations. 58–63 However, there
have been no studies on the Cs doping effect on radiation stability. Hollandite has been
shown to be resistant to γ and β irradiation with this type of radiation typically causing
electronic defects rather than structural damage via atomic displacements 58, 59.
Accelerated Kr2+ ions have been used to simulate alpha damage of constituent SYNROC
phases, hollandite, zirconolite and perovskite and will also be used for this study 22, 57.
Depending on the extent of exposure to heavy ion radiation, simulating α particles,
volume swelling, a tetragonal to monoclinic structural transition, and amorphization via
crystalline disordering can occur 37, 64, 94. Amorphization is caused by the cumulative
buildup of point defects in ionic structures such as hollandite. Preventing the buildup of
these point defects or recovering via frenkel pair recombination is key to a materials
resistance to amorphization 68. The purpose of this study is to investigate how to improve
the radiation tolerance of hollandite with the goal of developing more resilient and
efficient nuclear waste forms.
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4.2. Experimental procedure
4.2.1. Processing and sample preparation
The Zn-hollandite samples of the general form BaxCsyZnx+y/2Ti8-x-y/2O16
(0<x<1.33; 0<y<1.33) were synthesized from BaCO3, Cs2CO3, ZnO, and TiO2 and ball
milled in ethanol before undergoing a solid state reaction in air. Two sets of Znhollandite samples with identical target compositions were tested. The first set followed
the processing conditions outlined in Grote et. al 26. However, the second set contained
15 at% excess Cs to compensate for Cs loss during processing and was calcined at
1225°C for 10 hours twice then sintered at 1300°C for 1 hour. The altered processing
routine for the second experiment was found to eliminate the secondary rutile phase and
reduce Cs loss. The Ga-hollandite samples were prepared in the same manner as Xu et al.
17

. Ex situ monolith specimens were prepared from sintered samples. The samples

surfaces were polished using 3 μm paper. In situ specimens were prepared by ball milling
the sintered powder with yttria-stabilized zirconia for 24 hours. Then powder was
suspended in an ethanol solution and a drop of the solution was allowed to rest on
perforated carbon film for two minutes before being dried off. The edges of thin particles
were selected for observation so that full penetration by the ion beam was achieved. A
range of Cs doping was chosen for this work to investigate how the thermal and structural
stabilizing effects induced by Cs incorporation have an impact on radiation tolerance 26,
32

. Ga-hollandite was also tested to see how radiation tolerance changes with a smaller

radius higher valence B-site dopant
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Eleven compositions were prepared to study the effect of Cs content on the
critical radiation dose required for amorphization. In Table 4.1 the sample list is given
with associated target and energy dispersive X-ray spectroscopy (EDX) measured
stoichiometry. All samples had densities ranging from 85-90% of the theoretical density
and formed with tetragonal, I4/m, symmetry except for Ba133Zn-2, which was
monoclinic, I2/m.
The first set of Zn samples were tested in situ at ANL using a 1 MeV Kr2+ source and
ex situ at LANL using a 400 KeV Kr2+ source. The Ga samples were tested in situ at
ANL with a 1 MeV Kr2+ source. The second set of Zn samples were only tested with the
in situ TEM at ANL (1 MeV Kr) to reproduce the results of the previous tests and to
confirm the Cs067Zn-1 results.
Table 4.1 Sample compositions used for these experiments. The compostions from the
second set contained 15% excess Cs to compensate for Cs losses during processing.
Compositons with * were used for leaching
Short Name
Cs000Zn-2
Cs024Zn-1*
Cs029Zn-2*
Cs067Zn-1*
Cs067Zn-2*
Cs100Zn-1
Cs100Zn-2*
Cs133Zn-1*
Cs133Zn-2*
Cs067Ga
Cs133Ga

Target Composition
Ba1.33Zn1.33Ti6.67O16
Ba1.04Cs0.24Zn1.16Ti6.84O16
Ba1.04Cs0.29Zn1.19Ti6.81O16
Ba0.67Cs0.67Zn1.00Ti7.00O16
Ba0.67Cs0.67Zn1.00Ti7.00O16
Ba0.33Cs1.00Zn0.83Ti7.17O16
Ba0.33Cs1.00Zn0.83Ti7.17O16
Cs1.33Zn0.67Ti7.33O16
Cs1.33Zn0.67Ti7.33O16
Ba0.67Cs0.67Ga2.00Ti6.00O16
Cs1.33Ga1.33Ti6.67O16

EDX Composition
Ba1.26Cs0.00Zn1.41Ti6.67O16
Ba1.15Cs0.0.15Zn1.09Ti6.84O16
Ba0.91Cs0.30Zn1.31Ti6.81O16
Ba0.65Cs0.51Zn0.84Ti7.00O16
Ba0.49Cs0.71Zn1.15Ti7.00O16
Ba0.53Cs0.50Zn0.89Ti7.17O16
Ba0.32Cs1.01Zn0.84Ti7.17O16
Ba0.00Cs1.32Zn0.68Ti7.33O16
Ba0.00Cs1.42Zn0.63Ti7.33O16
Ba0.77Cs0.53Ga2.06Ti6.00O1691
Cs1.22Ga1.44Ti6.67O1691
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4.3. Discussion
All eleven Zn-hollandite and Ga-hollandite samples were examined by the in situ
irradiation method described in the experimental section. The SAED patterns were then
analyzed by comparing the presence of an amorphous halo and determining the fluence at
which the sample became fully amorphous. Four Cs-Zn-hollandite compositions were
examined ex situ in duplicate by GIXRD after Kr2+ irradiation – Cs024Zn-1, Cs067Zn-1,
Cs100Zn-1, and Cs133Zn-1. GIXRD of each sample was collected before irradiation,
after 1x1014 Kr/cm2 or 5x1014 Kr/cm2 irradiation.
4.3.1. Damage approximation by SRIM modeling
The SRIM program was used to model the radiation dose and convert ion fluences
into dpa 86. The SRIM model is shown below in Figure 4.1. An assumed displacement
energy threshold of 40 eV was used for all elements. Kr2+ ions with an energy of 1 MeV
were calculated to have a range of 700 nm, fully penetrating the 100-200 nm thin
samples. The average dpa between 100-200 nm was 0.14 dpa for 1x1014 fluence and 0.69
dpa for 5x1014 fluence. The 400 keV Kr2+ ions had a range of about 300 nm with a max
dpa of 0.21 dpa for 1x1014 fluence and 1.06 dpa for 5x1014 fluence.
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Figure 4.1: SRIM dpa calculation for Cs067Zn that was exposed to 1x1014 or 5x1014
Kr/cm2 fluence using either 400 keV ions with an incidence angle of 0° or 1 MeV ions
with a incidence angle of 15°
4.3.2. In situ Kr irradiation on Zn-hollandites at room temperature
TEM SAED patterns of pristine samples of Zn-hollandite prior to irradiation
exhibited highly crystalline phase, corresponding to tetragonal or monoclinic, with
secondary reflections attributed to A-site tunnel ordering Figure 4.2 (top row). The Ba
end member exhibited tunnel ordering in its XRD pattern, which has been reported in
other hollandite systems 39. Irradiation with 1 MeV Kr2+ ions to a fluence of 1x1014
Kr/cm2 fluence (0.14 dpa) resulted in the formation of an amorphous ring for all
compositions investigated. Additionally, there was a decrease in spot intensity due to a
reduction of long range ordering. The doses required for onset of amorphization onset
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and full amorphization are given in Table 4.2. The Ba133Zn composition exhibited faster
then average onset of amorphization by 5x1013 fluence (0.09 dpa), however this was a
minor qualitative observation. The Cs-rich compositions, 𝐶𝑠 ≥ 1.00, maintained higher
crystallinity after exposure to a fluence of 1.5x1014 Kr/cm2 than the Cs poor
compositions, 𝐶𝑠 ≤ 0.29, as seen in SAED patterns in the second row of Figure 4.2. The
fluence required for full amorphization also increased with Cs content showing that high
Cs content hollandite compositions can improve the radiation tolerance by about 100%
compared to the Ba-hollandite end member.
The increased radiation tolerance may be attributed to structural factors including
reduction in atomic displacements due to the larger unit cell of the Cs end member, a
more rigid tunnel structure requiring a larger activation energy for displacement, and
shorter displacement distance for Cs vs Ba. Cs displacement will be shorter because of its
heavier mass, requiring more energy for similar displacement, and larger size, which
would lead to more electronic interactions. Less A-site cation displacement would cause
fewer defects in the tunnel structure and less amorphization overall.
Table 4.2 Amorphization doses for Zn-doped samples irradiated in situ at ANL with a 1
MeV Kr beam. The average onset of amorphization and full amorphization fluence and
calculated dpa are given for each composition
Short Name
Ba133Zn
Cs029Zn
Cs067Zn
Cs100Zn
Cs133Zn

Composition
Ba1.33Zn1.33Ti6.67O16
Ba1.04Cs0.29Zn1.19Ti6.81O16
Ba0.67Cs0.67Zn1.00Ti7.00O16
Ba0.33Cs1.00Zn0.83Ti7.17O16
Cs1.33Zn0.67Ti7.33O16

Amorphization onset
(Kr/cm2)/(dpa)
0.83 x1014/(0.114)
1.00 x1014/(0.137)
1.00 x1014/(0.137)
1.13 x1014/(0.155)
1.17 x1014/(0.161)
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Amorphization full
(Kr/cm2)/(dpa)
1.50 x1014/(0.206)
1.83 x1014/(0.251)
2.00 x1014/(0.274)
2.50 x1014/(0.343)
3.92 x1014/(0.538)

Figure 4.2: SAED of each composition during the in situ irradiation tests along their
respective zone axis; a) Ba133 along [100], b) Cs029 along [100] c) Cs067 along [100] d)
Cs100 along [111] and e) Cs133 along [111]. For comparison the amorphization at 1 x
1014 Kr/cm2 (middle row) and 1.5 x 1014 has been shown as well as the fluence required
for full amorphization is noted in the bottom right corner
The dose (in fluence and dpa) required for onset and full amorphization is further
compared in Figure 4.3. The onset amorphization was nearly constant at 1x1014 Kr/cm2
(0.17 dpa) across the compositional range with the Cs rich compositions onset slightly
higher by 2.5x1013 Kr/cm2 (0.04 dpa). This increase in amorphization onset for Cs100
and Cs133 was negligible when compared to the irradiation required for full
amorphization. Full amorphization increased from 1.5x1014 Kr/cm2 (0.21) to 4x1014
Kr/cm2 (0.54 dpa) as Cs content increased.
The in situ TEM SAEDs verified that the amorphous halo onset varied slightly
between compositions however the fluence required for full amorphization doubled
across the compositional range. This increase in critical amorphization dose shows that
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high Cs content hollandite compositions were more stable. There are multiple
contributing factors for the rise in critical amorphization dose and the most important are
summarized in the following. First, as Cs content increases the unit cell increases and a
monoclinic to tetragonal symmetry transition occurs 17, 26. A larger unit cell will limit the
number of atoms that are displaced far enough to form defects and a more stable
tetragonal structure requires greater activation energy for displacement. Secondly, Cs is
significantly larger than Ba so a displaced Cs will both require more energy for
displacement which may limit the displacement distance. Finally, a high Cs content
tetragonal structure will require more defects to be distorted than a monoclinic structure.
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Figure 4.3: Onset and full amorphization across the compositional range. Circle: Average
of onset of amorphization fluence with 95% standard deviation error bars, Square:
Average of full amorphization fluence with 95% standard deviation error bars
4.3.3. In situ Kr irradiation on Zn-hollandites at elevated temperature
Three temperatures were selected to determine the effect of temperature on
amorphization. As commonly seen in other waste forms, Zn-hollandite exhibited a
critical temperature at which the dose for amorphization drastically increased. In
Figure 4.4, the compositional dependence of the critical amorphization dose as a function
of temperature is compared for Cs029, Cs067, and Cs133. For all three compositions the
critical amorphization dose significantly increased between 500 K and 600 K. This is
believed to be due to increased defect mobility at 600 K resulting in a higher rate of
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defect recombination (annealing). At 400 K each composition exhibited an increase in
critical amorphization dose over the room temperature measurements. At 500 K the
critical amorphization dose for the Cs133 sample had tripled while the Cs029 and Cs067
samples exhibited negligible changes. At 600 K all samples exhibited a significant
increase in their critical amorphization dose with Cs029 at about 1.7 dpa while Cs067 and
Cs133 remained crystalline until about 4 dpa. From these results it is clear that defect
recovery has a significant role in preventing the amorphous phases from stabilizing,
especially at temperatures above 500 K. The difference in the critical amorphization dose
for Cs133 at 500 K was due to its more homogenous structure. Defect recovery and
recrystallization would be easier without a mixed A-site and less Zn on the B-site.

Figure 4.4: Critical amorphization dose for each composition at each temperature
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The process by which local structural amorphization occurs from α-decay events
is by the accumulation of simple Frenkel defects and amorphous, or aperiodic, regions
that result in the loss of long range order 7, 95. The likely defect growth process which
results in a degradation in crystal structure periodicity is describe in Figure 4.5. The
mechanism for defect growth is likely tunnel collapse caused by Frenkel pair formation
from cation displacement. This assumes there is limited solid state diffusion at room
temperature and the compositions are close to the minimum limit for tunnel occupancy.
This minimum occupancy is based on bulk hollandite properties 35.

Figure 4.5: Schematic depicting proposed mechanism for tunnel collapse in response to
irradiation induced frenkel defect formation in hollandite
A lesson from the tetragonal or monoclinic symmetry discussion in the literature
can be applied here. When the tunnel cation becomes smaller than its cavity the cation
can be displaced off its 4/m special position 31. This displacement enables the octahedra
to undergo a twisting distortion in order to accommodate the minimum energy of the
displaced cation. Distortion of the octahedral wall lowers the symmetry to monoclinic. In
Figure 4.5, with 50% A-site occupancy each tunnel cation is responsible for stabilizing
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the neighboring six unoccupied tunnel sites. In order to form an amorphous or disordered
zone the required local defect concentration is dependent on whether or not the free
energy of a high-defect region exceeds the free energy of the amorphous metastable state.
If the lower limit for occupancy in a local area is passed then it is reasonable to assume
that the octahedra will distort to compensate for the lack of the repulsive tunnel force. If
the surrounding tunnels cannot accommodate a monoclinic distortion then the tunnel will
collapse resulting in amorphous or disordered zone. The point where these local
amorphous zones overlap can be considered an amorphous zone.
The defect concentration required to trigger an amorphization is directly linked to
the displacement cascades caused by irradiation. Irradiation induced displacement
cascades in ceramic structures similar to hollandite are typically heterogeneous and
follow direct impact or cascade overlap models 51, 53. The direct impact model is where
amorphization occurs in an affected region along the path of a heavy ion, such as an αdecay recoil nucleus. While for the cascade overlap model an amorphous phase forms
where affected regions, from two particles, overlap. In this study, the persistent
crystalline structure and delay in amorphization onset, seen in Figure 4.3, suggests the
direct impact or cascade overlap models. The behavior of amorphous phase formation in
relation to dose shown Figure 4.4 also support a one of these models.
The results from the temperature dependence irradiation experiment would
combined direct impact/cascade overlap amorphization model. This model seems
reasonable as the onset of amorphization was about the same for all samples as all
temperatures ~1x1014 Kr/cm2. However at higher temperatures, near 600 K, the critical
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dose for full amorphization increased dramatically. This can be explained by the incident
particle causing amorphization near its path but higher defect mobility is sufficiently
great to limit amorphization from secondary recoil collisions. As temperature decreased
the defect mobility, and therefore recombination rate, decreased such that the damage
from secondary collisions was metastable. When these metastable damaged regions
overlap a stable amorphous phase would form.
4.3.4. In situ Kr irradiation on Ga-hollandite
Two Ga samples were irradiated in conjunction with the Zn-doped system to
compare how different B-site dopants affect the radiation tolerance. Both
Ba0.67Cs0.67Ga2.00Ti6.00O16 and Cs1.33Ga1.33Ti6.67O16 were tested. The Ga-hollandite results
shown in Table 4.2 support the hypothesis that additional Cs increases the radiation
tolerance of hollandite. Additionally, the Ga-doped samples appear to have a higher
radiation tolerance than the Zn-doped samples. The higher tolerance can be explained by
easier defect recombination due to a more similar B-site dopant. Compared to Zn2+, Ga3+
is more similar to Ti4+ in both its atomic radius and charge density which would reduce
the octahedral strain. The impact of B-site dopant effects are preliminary and additional
work is required to confirm the observed trends.
Table 4.2 Ga doped samples irradiated in situ at ANL. The onset of amorphization and
full amorphization fluence and calculated dpa.
Short Name
Cs067Ga
Cs133Ga

Composition
Ba0.67Cs0.67Ga2.00Ti6.00O16
Cs1.33Ga1.33Ti6.67O16

Amorphization onset
(Kr/cm2)/(dpa)
1.00 x1014/(0.18)
2.00 x1014/(0.35)
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Amorphization full
(Kr/cm2)/dpa
1.50 x1014/(0.26)
1.00 x1015/(1.76)

4.3.5. Ex situ Kr irradiation on hollandite
Figure 4.6 shows the GIXRD patterns for the Cs100-Zn hollandite composition
before and after 400 keV Kr irradiation. The pristine spectra indicates a single phase
hollandite structure. In all samples after 1x1014 and 5x1014 Kr/cm2 irradiation a broad
amorphous peak formed as shown in Figure 4.6. Additionally, after irradiation residual
hollandite peaks remained with diminished intensity after irradiation. In some cases the
abnormal changes in peak intensity are caused by texturing, where residual crystals are
oriented in similar directions. However, hollandite recrystallization during irradiation
could also cause the residual peaks. The remaining hollandite peaks for the 1x1014
Kr/cm2 samples are likely due to residual hollandite crystalline regions as the in situ
experiment showed a crystalline SAED pattern at a similar dpa. The remaining hollandite
peaks after 5x1014 Kr/cm2 are likely due to either recrystallization as in situ SAED
patterns were fully amorphous at a similar dpa. It is unlikely these peaks are due to
residual crystallites with different compositions than the hollandite phase, as the peak
locations are identical to hollandite. Though these compositions are complex the only
secondary phase present prior to irradiation was TiO2.
In Figure 4.7, the amorphous fraction vs. Cs content of all four compositions for
both 1x1014 Kr/cm2 and 5x1014 Kr/cm2 have been calculated. Based off the in situ results
the amorphous fraction was expected to be the same for all compositions after 1x1014
Kr/cm2 as all compositions experience amorphous onset at 1x1014 Kr/cm2. The
amorphous content was also expected to increase after 5x1014 Kr/cm2 with the low Cs
content samples having a higher amorphous fraction. Overall the growth of the
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amorphous fraction followed expectations. However, the amorphous fraction analysis
indicated that the intermediate compositions, not the higher Cs content samples, had a
lowest amount of amorphous phase formation with the Cs133 end member having the
highest amorphous fraction.
These results appear to contradict the in situ TEM results as the amorphous
fraction did not directly relate to the Cs content. However, this excludes the differences
between surface and whole particle measurements as well as the absence of a control
spectra to standardize the amorphous fraction calculation. TEM focuses on a single grain,
where the density is very close to its theoretical limit and there are no surface roughness
or orientation effects. In contrast, for a surface sensitive measurement, such as GIXRD,
the surface roughness is an important factor to consider as the samples were 85-90%
dense. Therefore depending on the surface orientation the X-rays could penetrate much
further than calculated. The independent amorphous content results and variation seen
between spectra of the same sample could be due to surface roughness and lower density
skewing the amorphous content results.
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Figure 4.6: GIXRD of of Cs100Zn-1 which shows the broad amorphous peak from 24° to
32° and the residual crystalline structure. The bottom spectra was collected before
irradiation while the top spectra was collected after 5x1014 Kr/cm2 with a black dotted
line indicating the baseline. The * identify hollandite structure peaks
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Figure 4.7: Percent amorphous versus fluence showing how the amorphous content
increased with dose
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Surface

Figure 4.8: Selected area electron diffraction (left) and TEM bright field image (right) of
Cs100 sample, along [137], irradiated to 5 x 1014 Kr/cm2. The dark layer at the top is a
carbon coating from the FIB process.
The Cs100Zn-1 cross-section of the radiation affected regions shown in
Figure 4.8 revealed an amorphous layer thickness of approximately 250 nm with no
residual crystalline pattern. At a depth of 250 nm the structural damage is equivalent to
~0.14 dpa which is the same dpa required for amorphous onset seen in the in situ
experiment. Therefore the SRIM damage model agreed well with the thickness of the
amorphous layer measured in the cross-section. Figure 4.8 confirms the amorphous phase
and shows that the amorphous layer thickness can be predicted from the amorphization
onset dpa and SRIM dpa depth.
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4.3.6. Superlattice order to disorder transformation prior to amorphization
Superlattice ordering has been reported in hollandite literature from XRD and
TEM studies 23, 39–42. In Figure 4.9, an order to disorder transformation of the superlattice
pattern occurs around 5x1013 Kr/cm2 slightly before the onset of amorphization.
Amorphization of the superlattice pattern is caused by a disruption of the tunnel cation
offset and vacancy ordering which are necessary to make the superlattice. The tunnel
takes up about half the cross-sectional area and due to the regular vacancies allowing for
unimpeded displacement is one of the lower energy pathways for displacement
propagation. It is reasonable to expect the superlattice pattern to be interrupted before the
structure initially starts amorphization. The probable mechanism for order-disorder
transformation is tunnel cation displacement along the tunnel. While tunnel displacement
would not cause an amorphous halo in the SAED pattern, the tunnel displacement would
1

2

have a significant impact on the superlattice reflections (noted as (003) and (013))
explaining why the superlattice spot intensity decreases rather quickly.

Figure 4.9: These SAED patterns are of Cs067Zn-2 along the [100] zone axis. From left
to right, pristine, 5x1013 and 1x1014. The superlattice reflections, identified by the red
arrow, in-between each primary line disappeared after 5x1013 irradiation.
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In summary, the radiation tolerance of hollandite across a full range of Cs
substitutions, 0.00 ≤ 𝐶𝑠 ≤ 1.33, were irradiated by Kr2+ ions at 1 MeV energy to full
amorphization and Kr2+ ions at 400 keV up to a fluence of 1x1014 and 5x1014 Kr/cm2. All
experiments showed that radiation tolerance could be increased by Cs doping. The in situ
tests revealed that as Cs content increased the critical dose for full amorphization
increased while the change in amorphization onset dose was negligible. The ex situ
GIXRD and TEM cross-section images showed a distinct separation between the fully
amorphous and crystalline zones. In summary, Cs incorporation has a significant
stabilizing effect on the radiation tolerance to heavy ions like α-particles. Therefore,
hollandite waste forms should utilize this trend in composition-dependent radiation
stability, and be designed for high Cs content compositions.
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CHAPTER FOUR
LEACHING
LEACHING
5.1. Introduction
The durability, or resistance to elemental release, is a measure of a waste form’s
performance and utility as a host for mobile radionuclides, such as Cs. Two methods
were used for quantifying elemental release in this work: i) the ASTM C 1285 product
consistency test (PCT), which measures elemental release from crushed powder at
elevated temperature, and ii) the ASTM C 1220 leach test, which measures elemental
release from a monolith at an elevated temperature. The PCT (and ASTM C 1220) have
been used globally as standardized leach tests for compositional screening 1, 78.
To our knowledge the only study published on the leaching behavior of irradiated
hollandite was performed in the presence of gamma irradiation which had no significant
effect on hollandite leaching behavior 79. To characterize the impact of alpha decay
damage on hollandite, the effect of heavy ion irradiation and elemental leaching of
hollandite with implication in materials behavior in multiphase waste form systems have
been studied together. Related studies on pristine samples of hollandite and SYNROC
measured the elemental leaching performance using ASTM C 1285 product consistency
test (PCT), which measures crushed powder at an elevated temperature, and ASTM C
1220 leach test, which measures elemental release from a monolith at an elevated
temperature 1, 78. These methods are recognized as the global standard tests for
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ascertaining the effectiveness of a given composition. The published studies have also
shown that Cs leaching decreases with increasing Cs content 26.
5.2. Experimental procedure
All samples studied are listed in Table 5.1 and were synthesized from reagent
grade oxides and carbonates by solid state reaction in air. The precursor powders were
ball milled in ethanol and calcined for 10 h at 1225 °C. The calcined powders were
subsequently ball milled in ethanol and calcined a second time for 10 h at 1225 °C.
Calcined powders then ball milled in ethanol and pressed into pellets (~335 MPa) then
sintered at 1300 °C for 1 h.
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Ba0.667Cs0.667Zn1.000Ti7.000O16

Ba0.333Cs1.000Zn0.834Ti7.166O16

Ba0.000Cs1.333Zn0.667Ti7.333O16

Cs100-i

Cs133-i

Ba0.000Cs1.333Zn0.667Ti7.333O16

Cs133-p

Cs067-i

Ba0.667Cs0.667Zn1.000Ti7.000O16

Cs067-p

Ba1.040Cs0.293Zn1.187Ti6.814O16

Ba1.040Cs0.293Zn1.187Ti6.814O16

Cs029-p

Cs029-i

Target Composition

Acronym
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Ba0.000Cs1.320Zn0.673Ti7.333O16

Ba0.338Cs0.997Zn0.830Ti7.167O16

Ba0.674Cs0.653Zn1.000Ti7.000O16

Ba1.065Cs0.254Zn1.180Ti6.814O16

Ba0.000Cs1.268Zn0.700Ti7.333O16

Ba0.672Cs0.581Zn1.037Ti7.000O16

Ba1.057Cs0.210Zn1.210Ti6.814O16

EDX Composition

--

--

--

--

Ba0.025Cs1.199Zn0.709Ti7.333O16

Ba0.694Cs0.559Zn1.026Ti7.000O16

Ba1.076Cs0.196Zn1.200Ti6.814O16

ICP-MS

MIrad

MIrad

MIrad

MIrad

M,P

M,P

M,P

Experiment

Table 5.1: Target, EDX and ICP-MS compositions. All samples used for MIrad contained
15% excess Cs to counteract Cs loss during processing; M, denotes Monolith (C-1220)
test, P, denotes PCT (C-1285), and MIrad, denotes monolith (C-1220) after irradiation

5.3. Discussion
5.3.1. Leaching results of non-irradiated samples
The calculated fractional release of Cs for individual replicates from the particle
and monolith leach testing is summarized in Figure 5.1. For the PCT (particle) samples,
the fractional of Cs released decreased as Cs stoichiometry (concentration) was increased.
This behavior indicates that the Cs stoichiometry in hollandite affects its release, which is
supported by more favorable formation enthalpies and structural stabilization due to by
increasing Cs stoichiometry 17. Similar behavior was observed for the monolith samples
although there was greater variability among replicates with lower Cs stoichiometry.
More striking, however, was the similar magnitude in the calculated fractional release of
Cs from the monoliths compared to the particles. The variance in replicate response and
the nominal fraction of Cs released could both be attributed to several factors including
pH, microstructure, and surface area. Additionally, given that the geometric surface area
normalized Cs release shown in Figure 5.2 reveal that the monolith release was nearly
10x that of the PCT powder results. Therefore, surface area measurements using the
Brunauer–Emmett–Teller method (Micromeritics) were performed on the Cs029-p and
Cs067-p monolith samples post leaching and confirmed that the surface area was several
hundred times greater than geometrically estimated, which could explain why the
fractional release rate was higher than expected.
Leaching tests in the Ga-hollandite system have shown similar results with a
dramatic reduction in Cs release when increasing from a low Cs content of 0.24 to a more
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mixed content of 0.67. However, further increases of Cs content to 1.33 yielded similar or
higher Cs release then the Cs067 composition indicating similar stability.
The other factors that affect the leaching, specifically pH and microstructure,
were also considered. The pH values were measured after testing and showed a variation
between 7.70 and 9.33, however experience indicates that this range of pH differences
would not have a significant effect. The variance in the leach data for the monolith
replicates also appeared to increase with decreasing Cs stoichiometry. Although XRD
and SEM analysis indicated the samples were phase homogeneous, the replicate variance
could indicate that surface area is not the only contributing factor. Phase/structure
formation also impacts the Cs leaching behavior, further supporting the supposition that
increasing Cs stoichiometry in hollandite is favorable for formation and stability. The
fractional release of Ba and Zn elements were on the order of 10-4 and 10-5, respectively,
for all replicates. Overall Cs incorporation had a stabilizing effect on the leaching
experiments seen by a reduction of elemental leaching with increased Cs content.
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Figure 5.1: Fractional of Cs released from PCT and C 1220 leaching measurements for
Cs029, Cs067, and Cs133 compositions
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Figure 5.2: Normalized Cs release for PCT, and 1220 (monolith) measurements with
1220 results normalized by geometric surface area and BET measured surface area
5.3.2. Leaching results of irradiated samples
In Figure 5.3 and Figure 5.4 the fractional and normalized release of Cs after
irradiation was compared to the un-irradiated Cs leaching. In both sample series the
amount of Cs leached from the solid decreased with increasing Cs content 26. As noted in
Grote et al. hollandite elemental release is affected by its Cs content, where higher Cs
content compositions exhibit lower elemental release 26. A similar trend occurred for the
irradiated samples with less variability between repeated samples. Irradiation resulted in a
100 to 200% increase in fractional Cs release as seen in Figure 5.3. Leaching of Cs133-i
was an anomaly by releasing about 8x the fractional Cs leaching of Cs100-i and Cs133-p.
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While all samples exhibited higher surface area after irradiation, Cs133 also had a
bimodal grain structure and exceptionally rough surface. Conversely, Zn leaching from
the Cs133-i sample was less than all other irradiated samples even though Cs leaching
was much higher. This may indicative of tunnel collapse without breakdown of the
octahedra.
Surface area BET measurements of Cs029-i, Cs100-i, and Cs133-i have shown
that the surface area was several hundred times greater than when measured by the
geometric measurement. Additionally, Cs133-i had only twice the surface area as Cs029-i
but four times the fractional release indicating that surface area is not the sole cause for
the increase in elemental loss. BET normalized leaching is not plotted because delays in
BET measurements prevented collecting Cs133-p and Cs067-i which were needed fora
complete comparison. The geometry normalized leaching indicate the same trend as the
BET normalization but had about 200x higher leaching. Overall these results indicate that
radiation damage has a negative effect on hollandite stability noted by the doubling of its
elemental leaching.
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Figure 5.3: The fractional Cs release from the irradiated monolith samples is compared to
the PCT and monolith results before irradiation
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Figure 5.4: The normalized Cs release from monolith samples after irradiation was
normalized by geometric surface area. The results are compared to PCT monolith
leaching before irradiation
Leaching stability for hollandite also shows diminishing returns at high Cs
content with a minimum leaching near Cs = 1.00. This feature was probably due to the
mixed Ba/Cs compositions having lower tunnel mobility and slower Cs dissolution as Ba
has less propensity to form water soluble compounds than Cs.
In summary, an important property for hollandites use as a waste form is its
resistance to elemental leaching in the presence of water. These leaching results show
that Cs retention can be improved by increasing the Cs content as evidenced by the
decreasing the amount of Cs released during leaching. However, at high Cs content the
leaching stability suffers diminishing returns and shows that leaching is at a minimum for
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the Ba0.333Cs1.000Zn0.834Ti7.166O16 composition. Leaching after irradiation resulted in
increased Cs leach rates which was attributed to the damaged surface layer having
inferior stability.
The Cs release from Cs133 after irradiation was higher than the intermediate
compositions while Zn release was lower. This is probably due to Cs being released from
the amorphized tunnel while Zn stays trapped in the octahedra. Also with no Ba in the
Cs133 composition Cs diffusion would not be inhibited by the lower water affinity of Ba.
Though this hypothesis is preliminary it does explain the inconsistent leaching trend in
light of the results and composition. While the mechanism for leaching has not been fully
defined the relationship between Cs content, energetic stability, and elemental dissolution
is apparent and can be used to develop more leach resistant hollandite waste forms.
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CHAPTER SIX
CONCLUSIONS
CONCLUSIONS
The performance of hollandite waste forms can be improved by utilizing higher
cesium waste loadings. This performance was quantified by the radiation tolerance and
elemental leaching resistance. Compositions with high cesium content exhibited
increased radiation tolerance and cesium leaching resistance, compared to low cesium
content compositions. This property change was related to the increased structural and
energetic stability due to cesium doping. Structurally, cesium doping stabilized the
tetragonal symmetry and expanded the unit cell. The stabilizing effect of cesium doping
was also reflected in the free energy of formation. The formation enthalpy became
exothermic upon cesium substitution, which indicates a more favorable hollandite
formation. In addition, the dissolution enthalpy became more positive upon cesium
substitution, which indicates increased hollandite stability versus that of competing
phases, such as BaTiO3.
The increase in radiation tolerance was due to a more stable hollandite structure
and more homogeneous tunnel and B-site. At room temperature, the critical dose for full
amorphization increased with cesium content, from 0.21 to 0.5 dpa, while the onset of
amorphization was similar for all compositions. Amorphization of the ordered
superlattice occurred at the same dose as the onset of amorphization. The superlattice
amorphization reveals that an order-disorder transformation in the tunnel occurred before
amorphization of the general hollandite structure. At the elevated temperature of 300 °C,
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the critical dose for full amorphization increased to about 4.0 dpa (or 3x1015 Kr/cm2). The
larger increase in critical dose was due to increased defect recovery. The experimental
results fit to a combined direct impact and cascade overlap amorphization model. The
combined model is the best fit, because the onset of amorphization was similar at
elevated temperatures, while full amorphization was retarded. Given that the waste form
environment is expected to have a temperature within the range of 200°C-500°C and a
radiation dose of ~0.2 dpa after the first 500 years, these results indicate that with high
cesium content hollandite will be stable in the waste form environment.
The leaching experiments showed that elemental leaching decreased with
increasing cesium content. Leaching performed before and after irradiation followed a
similar same trend. However, after irradiation of the fully substituted cesium
composition, Cs=1.33, had increased cesium loss compared to the other compositions.
The increased cesium loss of the cesium end member would indicate that there are
diminishing returns for cesium retention at high cesium loading. Therefore, some barium
is useful to optimally reduce elemental leaching of cesium.
The hollandite waste form can be improved by utilizing higher cesium loadings
that increase the structural and energetic stability of hollandite. The stability effect was
witnessed by the increased radiation tolerance and decreased elemental leaching. These
results have shown that high, but not full, cesium substituted zinc-doped hollandite is an
ideal waste form for cesium immobilization.
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